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Cover crops have potential to provide benefits to agricultural systems, such as
improved soil productivity, nutrient scavenging, weed suppression, and livestock forage.
There are several challenges associated with cover crop integration into traditional
Midwest corn-soybean cropping systems. One of these challenges is timely establishment
in the fall, which is limited by the relatively late harvest of corn and soybean. Cover crop
effectiveness is related to the amount of biomass produced, thus maximizing the growth
period in the fall is desired. To address this challenge, we evaluated the potential to
utilize early-season soybean maturity groups (MGs) to allow for earlier soybean harvest
and cover crop planting to maximize cover crop growth. In addition, an integrated cover
crop and herbicide management program was evaluated to determine its effect on weed
suppression and corn yield. Cover crops have often been shown to be most effective
when integrated with other methods of weed management such as herbicides. Cover
crops have also been shown to potentially reduce subsequent corn yield. Therefore, we
evaluated the influence of cover crop planting date, termination date, and herbicide
program on weed density, weed biomass, and subsequent corn yield. Field experiments
were conducted in 2017-2019 across six different locations in Nebraska, Ohio, and
Kentucky. Results suggest use of early-season soybean MGs allow cover crops to be

planted up to 30 days sooner than late-season MGs. Cover crop biomass production was
highest for early cover crop planting dates associated with early-season MGs across most
site-years evaluated. Soybean yield often plateaued near a 3.0 relative maturity (RM)
depending on the region, suggesting that soybean RM may be reduced to 3.0 to allow for
earlier cover crop planting without sacrificing soybean yield. Results further suggest that
use of a residual herbicide with a postemergence herbicide was necessary to obtain the
largest reduction in both weed density and biomass. Weed biomass was occasionally
reduced by the cover crop, however, results were inconsistent. Cover crops generally had
minimal influence on overall weed suppression, and occasionally resulted in corn yield
reduction, indicating the importance of other traditional methods of weed management.

Abbreviations: MG, maturity group; RM, relative maturity.
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CHAPTER 1
LITERATURE REVIEW
Overview of Corn-Soybean Cropping Systems in the U.S. Corn Belt
Corn (Zea mays L.) and soybean (Glycine max L.) production in the United States
has increased since the mid-1900s. Today, they are two of the most widely grown and
economically important agronomic crops in the U.S. (USDA-ERS, 2017a; USDA-ERS,
2017b). The majority of corn produced in the U.S. is used as livestock feed, however, it is
also processed into industrial products such as starch, cooking oils, sweeteners, and
ethanol fuel (USDA-ERS, 2017a). Soybean is an important oil crop that is used as a
protein source in human food products and the animal feed industry (NSPCA, 2014;
USDA-ERS, 2017b). The U.S. is one of the largest exporters of both corn and soybean in
the world. Approximately 15% of all U.S. corn production and nearly 50% of all U.S.
soybean production is exported each year (USDA-ERS, 2017a; USDA-ERS, 2017b).
The National Agricultural Statistics Service (NASS) indicates that 81.7 million
acres of corn and 88.1 million acres of soybean were harvested in 2018 (USDA-NASS,
2019). Corn and soybean production are concentrated in the Corn Belt of the United
States, which is generally considered to include the states of Iowa, Illinois, Nebraska,
Minnesota, and Indiana, as well as parts of North Dakota, South Dakota, Wisconsin,
Michigan, Ohio, Kansas, Missouri, and Kentucky. The Corn Belt supplies the majority
(>50%) of all U.S. corn and soybean production (USDA-ERS, 2017a; USDA-ERS,
2017b).
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Although the Corn Belt is a very productive region, corn and soybean are summer
annual crops that are grown for 5 to 6 months of the year, leaving traditionally managed
corn-soybean cropland fallow for 6 to 7 months. This can result in potential agronomic
and environmental complications overtime, including soil erosion, nitrate leaching,
increased weed pressure, and reduced soil microbial activity (Appelgate et al., 2017;
Kaspar et al., 2001; Dinnes et al., 2002; Blanco-Canqui et al., 2013; Vukicevich et al.,
2016). Some producers have begun to utilize unique management practices to reduce
both the occurrence and magnitude of these complications. One of these management
practices includes cover crops, which are defined as grasses or forbs that are utilized to
reduce soil erosion and improve soil physical properties, increase soil microbial biomass
and diversity, compete with weeds, and provide forage for livestock and wildlife (USDANRCS, 2017). There are many different plant species that may be considered “cover
crops”, however, each species provides a unique service based upon its specific
biological characteristics.
Cover crops have been widely studied in many agronomic disciplines, however,
inconsistencies exist in several areas of cover crop management that require additional
study. Two of these areas include 1) cover crop weed suppression and 2) management
challenges cover crops present when utilized in traditional corn-soybean cropping
systems. To provide a foundation for discussion and to evaluate gaps in current research,
this review will 1) provide an overview of potential benefits associated with the use of
cover crops, 2) discuss the mechanisms of cover crop weed suppression, 3) discuss the
potential for winter annual weed suppression utilizing winter annual cover crops, 4)
discuss the potential for summer annual weed suppression utilizing winter annual cover
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crops, 5) discuss two major challenges associated with cover crop management, and 6)
discuss future research needs.
Overview of Potential Cover Crop Benefits
Soil Management
Improvement of soil quality and resilience is a major area of interest due to the
importance of soil in crop production and other ecosystem services such as greenhouse
gas regulation, nutrient and water cycling, and water quality management (BlancoCanqui et al., 2015; Daryanto et al., 2018; Chu et al., 2017). Soil quality is defined as the
ability of a soil to properly function to support biological productivity and preserve
environmental quality (SSSA, 2017). Loss of soil from a system via water or wind
erosion has detrimental effects on both crop production and the environment, such as
nutrient loss, reduced soil structure and tilth, and pollution of water and air resources
(Blanco-Canqui et al., 2011; Kaspar et al., 2001; Dinnes et al., 2002). Cover crops can
mitigate these effects by reducing water runoff velocity, wind velocity, soil aggregate
detachment, and physically anchoring the soil in place (Kaspar et al., 2001; Krutz et al.,
2009; Blanco-Canqui et al., 2013).
A three-year erosion study in Iowa used cereal rye (Secale cereal L.) and oat
(Avena sativa L.) to reduce water runoff and soil erosion (Kaspar et al., 2001). Cereal rye
and oat were broadcast interseeded into soybean in early August, and cover crop biomass
was measured in November and in April the following spring. Rainfall was simulated in
April using a three-nozzle single boom sprayer. Runoff samples were collected from each
plot and analyzed for runoff volume and sediment content. Results indicate that rye
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reduced water runoff by 10% in one of three years, while oat had no effect. Furthermore,
rye reduced rill sediment erosion by 54% in two of three years, and oat reduced rill
sediment erosion by 89% in one of three years (Kaspar et al., 2001). In a similar study,
Krutz et al. (2009) found that a rye cover crop reduced time-to-runoff, cumulative runoff,
and cumulative sediment loss regardless of tillage method used.
In Kansas, the wind erosion potential of a wheat-fallow cropping system was
evaluated using several different cover crop species during the fallow period of the
rotation (Blanco-Canqui et al., 2013). Results from this study showed that winter and
spring triticale (Triticale hexaploide Lart.) were the most effective at reducing the wind
erodible fraction of soil (particle sizes < 0.84 mm) by increasing the dry aggregate size,
rendering the soil less susceptible to wind erosion (Blanco-Canqui et al., 2013).
Improvement of soil physical properties is also a potential benefit of using cover
crops. These may include aggregate stability, porosity, and bulk density (Blanco-Canqui
et al., 2015; Daryanto et al., 2018; Chu et al., 2017). Increased aggregate stability and
size can improve the hydraulic properties of a soil by increasing water infiltration and
retention, reducing runoff, and reducing erosion potential. Bulk density and porosity are
both related to soil compaction. A compacted soil is the result of high bulk density and
low porosity, which can have negative implications for plant root growth, nutrient and
water flow, and soil gas exchanges with the atmosphere (Blanco-Canqui et al., 2015).
Cover crops with large tap roots, such as radishes (Raphanus sativus L.), have been
shown to be effective as an alternative method for soil compaction remediation in place
of conventional methods of remediation such as tillage (Chen and Weil, 2010; Cresswell
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and Kirkegaard, 1995). Each of these physical properties contribute to the overall
structure of soil, which is an important component of soil quality.
Cover crops may also be effective at moderating soil temperatures (Teasdale and
Mohler, 1993; Blanco-Canqui et al., 2011). In a review, Blanco-Canqui et al. (2015)
reported that cover crops can decrease the daily maximum soil temperature by nearly 5
°C and increase the daily minimum soil temperature by 1 °C in regions with temperate
climates. This can have significant implications for plant growth. Cooler soil
temperatures in the summer may reduce water evaporative losses and thus help to
conserve soil moisture, however, cooler soil temperatures in the spring may create
challenges for subsequent cash crop establishment by keeping soil temperatures below
the optimum level for seed germination. The latter may be avoided through properly
timed cover crop termination or tillage prior to cash crop planting (Dabney et al., 2001).
Soil microbial communities play an important role in decomposing residues and
recycling nutrients, neutralizing toxins, suppressing pest organisms, and creating
symbiotic relationships with plants (SARE, 2012). Cover crops can increase soil
microbial biomass and diversity, as they provide carbon substrate as a food source for
microbes (Vukicevich et al., 2016). Macro-organisms, such as earthworms (Lumbricus
terrestris L.), are also important to the soil ecosystem, as they aid microorganisms in
recycling nutrients as well as help to increase soil aggregation, porosity, and water
infiltration. Results from a 15-year study in eastern Kansas showed that the addition of
cover crops to a winter wheat (Triticum aestivum L.) and grain sorghum (Sorghum
bicolor L.) rotation increased the soil earthworm population by nearly six times that of
the fallow control treatment (Blanco-Canqui et al., 2011).
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Cash Crop Yield
Cover crops’ effect on cash crop yield is perhaps one of the most influential
factors considered by producers. Economic gain from increased cash crop yield provides
incentive for producers to grow cover crops, while cash crop yield reduction is often
negatively perceived by producers, even though this does not necessarily result in
reduced economic gain (Plastina et al., 2018; Roth et al., 2018). Cover crops’ effect on
cash crop yield can vary greatly across different environments (Miguez and Bollero,
2005). Cover crop management practices may also influence cash crop yield, such as
cover crop planting date, termination date, termination method, and cover crop species
selection (Ruis et al., 2019; Mirsky et al., 2011; Wortman et al., 2013). Cover crop
management and subsequent cash crop yield will be further discussed in the sixth section
of this review, cover crop management challenges.
Regional variation in precipitation is one of the most important environmental
factors that influences cash crop yield following a cover crop (Blanco-Canqui et al.,
2015). In a review, Unger and Vigil (1998) reported that cash crop yield is often
maintained or increased when cover crops are grown in regions where precipitation levels
are high. In regions where precipitation levels are low, cash crop yields have been
reported to remain unchanged or decrease due to cover crop competition for water
resources (Unger and Vigil, 1998). Cash crop yield performance and rainfall distribution
may also vary among different locations within the same region, making cover crop
management potentially difficult. This is common in semi-arid regions such as the
midwestern United States where rainfall and seasonal temperatures are often highly
variable and unpredictable.
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Nutrient Management
Soil nutrient scavenging is another potential benefit of using cover crops. Mobile
nutrients, such as nitrate nitrogen (NO3 -N), can leach into groundwater resources when
not captured and utilized by plant roots (Jones et al., 2018). This occurs because nitrates
are not bound to the soil, but rather remain in the water-filled pore spaces of the profile
(Dinnes et al., 2002). Nitrate leaching is often concerning for producers because it is a
source of plant-available nitrogen that can no longer be utilized, thus decreasing profit
potential. In addition, excessive nitrate leaching may lead to pollution of groundwater
resources (Jones et al., 2018; Dinnes et al., 2002). This is of particular concern in areas
where the water table is relatively shallow, such as in river valleys and floodplains.
Grass and brassica cover crops are often the most effective at scavenging for
nutrients, as they possess large and expansive root systems capable of extracting nutrients
deep in the soil profile. Upon extracting nutrients from the soil, they are quickly
immobilized and later released back into the soil after the cover crop is terminated and
begins to decompose (Dinnes et al., 2002; Blanco-Canqui et al., 2015). A global review
study found that the use of non-leguminous cover crops in irrigated cropping systems
reduced nitrate leaching by approximately 50% compared to fallow ground (Quemada et
al., 2013). Leguminous cover crops, such as hairy vetch (Vicia villosa L.), are often less
effective at nitrogen scavenging than grass or brassica cover crops because they utilize
soil nitrogen at a reduced rate (Quemada et al., 2013). This is due to the symbiotic
relationship that exists between legumes and certain species of soil bacteria, in which the
legume is supplied with nitrogen fixed by the bacteria in exchange for carbon substrate
produced by the legume, allowing the legume to reduce nitrogen usage from the soil.
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In addition to nutrient scavenging, cover crops can also reduce nutrient loss
associated with soil erosion. Immobile soil nutrients such as phosphorus, potassium, and
many micronutrients are bound to the soil and may be lost with erosion. As mentioned
previously, cover crops can reduce erosion by physically anchoring the soil in place,
increasing dry aggregate size, and providing cover to the soil surface (Kaspar et al., 2001;
Blanco-Canqui et al., 2013; Blanco-Canqui et al., 2015).
Forage Production
One of the most widely recognized benefits of cover crops is their value as a
forage resource for livestock, which provides producers with immediate economic return
in addition to agronomic and environmental benefits (Plastina et al., 2018). Cover crops
that produce large quantities of biomass during the fall and early spring are ideal for
livestock grazing, as they can help supplement other sources of forage that may be
limited during this time of year (Franzluebbers and Stuedemann, 2014). Many different
cover crop species may be utilized as forage, however, their selection often depends on
associated production costs, desired timing of availability during the year, and biomass
and nutritional preferences (Hartman, 2014). Mixtures of different cover crop species are
frequently used and have been shown to successfully provide a diversity in forage
availability during the year, as well as a desired forage quality (Maloney et al., 1999;
Nielsen et al., 2015).
Weed Suppression
In addition to the benefits described thus far, research would also suggest that
cover crops can effectively suppress weeds. Cover crop effects on weed suppression have
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generally been understudied compared to other areas of cover crop management,
especially soil-related areas of study. Cover crop weed suppression will be the focus of
the succeeding three sections of this review.
Summary: Potential Cover Crop Benefits
In summary, cover crops have potential to provide a diversity of benefits to
agricultural systems. It is important to note, however, that the success of cover crops in
providing these benefits is directly dependent upon the amount of biomass they produce
(Blanco-Canqui et al., 2015; Nielsen et al., 2015; Dinnes et al., 2002; Teasdale, 1998;
Kaspar and Bakker, 2015). Obtaining large quantities of biomass is sometimes a
challenge in traditional Midwest corn-soybean cropping systems due to the limited
growing season available to establish a cover crop following the relatively late harvest of
corn and soybean. In addition, maximizing cover crop biomass may also result in
complications with the subsequent cash crop (Miguez and Bollero, 2005; Bich et al.,
2014; Wortman et al., 2012; Weston, 1996). Therefore, effective management of cover
crops is critical to balance benefit potential and subsequent cash crop productivity. This
sets the foundation for our discussion in the fifth section of this chapter, which examines
two of the major challenges associated with cover crop use.
Mechanisms of Cover Crop Weed Suppression
Development of herbicide resistant weeds is a major issue in many agricultural
production systems. In 2013, a review conducted by Heap (2014) indicated that 223 weed
species had evolved herbicide resistance across the globe. Current research now suggests
that nearly 259 weed species have evolved resistance to 167 different herbicides around
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the globe, suggesting that the number of herbicide resistant weeds continues to increase
each year (Heap, 2019). As the number and distribution of herbicide resistant weeds
continues to increase, utilizing a diversity of different management practices to provide
effective weed control will become increasingly important in the future. One of these
management strategies may include cover crops.
Cover crops have been shown to be effective at suppressing weeds in many
different agricultural systems, however, results are not always consistent and often
depend on several variables, including environmental factors, weed species, and
management practices (Osipitan et al., 2018). Weed suppression has been shown to be
closely related to 1) cover crop biomass production, 2) cover crop termination method,
and 3) cover crop residue persistence, all of which have the potential to influence cover
crops’ competitive ability (Finney et al., 2016; Teasdale et al., 2007; Wortman et al.,
2013; Akemo et al., 2000). Cover crop competition may affect the density of weeds in a
given area and/or weed biomass, which is a function of both weed density and weed size.
Mechanisms of cover crop weed suppression include competition for resources such as
sunlight, nutrients, and water, as well as physical or chemical competition (Teasdale et
al., 2007; Blanco-Canqui et al., 2015). Cover crop residue persisting after termination can
also be effective at competing with weeds through several of these mechanisms.
Cover Crop Biomass Production
Cover crop biomass production is generally a function of cover crop species,
management practices, and environmental factors (Ruis et al., 2019). Cover crop biomass
and weed suppression have been shown to be negatively correlated (Finney et al., 2016;
Mirsky et al., 2011; Akemo et al., 2000; Webster et al., 2013), thus high biomass
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producing cover crops often achieve the greatest reduction in weed biomass and/or
density. Weed biomass has been shown to decrease either linearly (Akemo et al., 2000)
or quadratically (Finney et al., 2016) with increasing cover crop biomass. In addition,
Webster et al. (2013) and Wiggins et al. (2017) indicated that Palmer amaranth
(Amaranthus palmeri S. Wats) percent visual control increased exponentially with
increasing cover crop biomass. Finally, Teasdale and Mohler (2000) found that weed
emergence tended to decrease exponentially with increasing cover crop biomass.
The threshold of cover crop biomass required to obtain weed suppression is
highly variable. Finney et al. (2016) indicated that approximately 4625 kg ha-1 of cover
crop biomass was required to achieve near 100% reduction in weed biomass. Webster et
al. (2013) reported that approximately 8600 kg ha-1 of cover crop biomass was required
to achieve 75% visual control of Palmer amaranth. Furthermore, Wiggins et al. (2017)
reported that between 2200 and 2500 kg ha-1 of cover crop biomass was required to
achieve 33 and 38% visual control of Palmer amaranth respectively. This variability may
be related to differences in weed population characteristics among studies, such as weed
emergence timing and weed species sensitivity to cover crop competition (Mirsky et al.,
2011).
In a review, Ruis et al. (2019) found rye to be among the most commonly used
and highest biomass-producing cover crop species across multiple environments. Some
environments are more conducive to producing large quantities of biomass than others,
primarily due differences in water availability and length of growing season (Nielsen et
al., 2015; Ruis et al., 2019). Cover crops grown in moist environments with warmer
temperatures often out-produce those grown in dryer environments with cooler
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temperatures (Nielsen et al., 2015; Ruis et al., 2019). In the same review, cover crop
planting date and termination date were identified as two primary management practices
that influence cover crop biomass production (Ruis et al., 2019). Cover crop planting in
late summer or early fall often results in more biomass production compared to late fall
planting. Similarly, delaying cover crop termination from early to late spring allows for a
longer period of growth, often resulting in higher levels of biomass production (Ruis et
al., 2019).
Cover Crop Termination Method
The method in which a cover crop is terminated may also influence weed
suppression. Several studies have shown that a sweep-plow undercutter provides more
effective weed control than other methods of termination, such as mowing or spraying,
by providing a uniform “blanket” of residue on the soil surface (Creamer et al., 1995;
Wortman et al., 2013; Akemo et al., 2000). Creamer et al. (1995) investigated weed
suppression among three different methods of cover crop termination, including an
undercutter, a sicklebar mower, and a flail mower. Cover crop species evaluated in the
study included cereal rye, hairy vetch, bigflower vetch (Vicia grandiflora Scop.), crimson
clover (Trifolium incarnatum L.), barley (Hordeum vulgare L.), and subterranean clover
(Trifolium subterraneum L.). Their results suggest that both the undercutter and sicklebar
mower provided similar weed control, however, both provided better weed control
compared to flail mowing (Creamer et al. 1995).
Cover Crop Residue Persistence
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The persistence of cover crop residue is also an important factor that influences
weed suppression. This is particularly important for the control of summer annual weeds,
which emerge later in the growing season than winter annual weeds. The amount and
duration of summer annual weed suppression has been shown to be related to the rate of
cover crop residue decomposition (Teasdale et al. 2007). Grass cover crops generally
decompose more slowly than brassica or legume cover crops because they contain higher
levels of cellulose and lignin which are more difficult for soil microbes to degrade
(Varela et al., 2017; Jahanzad et al., 2016). Varela et al. (2017) showed that cereal rye in
particular was slower to decompose than oat and annual ryegrass. Therefore, grass cover
crops with high carbon to nitrogen (C:N) ratios are often the most successful at
suppressing late emerging summer annual weeds.
Mechanisms of Cover Crop Competition
Mechanisms of cover crop competition have been well documented in the
literature (Teasdale et al., 2007; Teasdale and Daughtry, 1993; Blackshaw et al., 2001;
Barnes and Putnam, 1987). Teasdale and Daughtry (1993) determined that living hairy
vetch vegetation could effectively intercept red light required to activate phytochrome
required in the biochemical reactions of the germination process of several weed species.
Furthermore, they determined that hairy vetch mulch was also effective at intercepting
red light, but overall was less effective than the living vegetation. Additionally, Barnes
and Putnam (1983, 1987) suggested that cereal rye is effective at suppressing weeds
because of its ability to lower soil temperatures, reduce light penetration to the soil, and
act as a physical barrier. Cover crops can also compete with weeds by utilizing soil
moisture and nutrient resources (Teasdale, 1998). Additionally, soil organisms
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(particularly arthropods and fungi) have been shown to reduce weed seed germination by
feeding on weed seeds in the soil seedbank (Teasdale, 1998). Recall from the previous
section that cover crops can increase microbial biomass by providing carbon substrate as
a nutrient source.
Weed suppression may also be achieved by cover crops that contain allelopathic
properties. Allelopathy is the result of actively growing plants or plant residue releasing
toxic secondary metabolic compounds into the soil leading to the inhibition of seed
germination or plant growth (Teasdale, 1998). Allelopathic compounds can be found in
most plants, however, some species are particularly known for their strong allelopathic
properties, including cereal rye, perennial rye (Lolium perenne L.), winter wheat, tall
fescue (Festuca arundinacea Schreb.), and creeping red fescue (Festuca rubra L.)
(Weston, 1996).
Allelopathic weed control has been documented in studies that utilize controlled
environments such as greenhouses, however, few studies have explicitly demonstrated
this in the field because it is often difficult to separate physical effects of the cover crop
(Weston, 1996). Barnes and Putnam (1983) found that spring rye reduced weed biomass
by approximately 63% compared to a non-rye mulch control treatment that accounted for
the physical “mulch effect” of rye, suggesting that the difference may be related to
chemical inhibition.
Summary: Mechanisms of Cover Crop Weed Suppression
Cover crops have potential to effectively compete with weeds through several
different mechanisms, including competition for resources as well as physical or
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chemical competition. As with other cover crop benefits, cover crop biomass production
is one of the primary factors that contributes to effective weed suppression (Finney et al.,
2016; Teasdale, 1998; Akemo et al., 2000; Barnes and Putnam, 1983; Hoffman et al.,
1996; Mirsky et al., 2011). Cover crop biomass production is influenced by cover crop
species characteristics, management practices, and environmental factors (Ruis et al.,
2019). Effective management is critical to maximize cover crops’ ability to effectively
compete with weeds.
Cover Crops and Winter Annual Weed Suppression
Winter Annual Weed Biology
Weed physiology and development can significantly influence how and when
different weed species are the most susceptible to cover crop suppression. The life cycle
of winter annual cover crops utilized in traditional corn-soybean systems aligns closely to
the life cycle of winter annual weeds, making them ideal for winter annual weed
management.
Winter annual weeds are categorized as constitutive or facultative based on their
germination habit. Constitutive winter annuals are those that germinate strictly in the fall,
while facultative winter annuals germinate in the spring, or in the fall and spring (Cici et
al., 2009). Many of the most common winter annual weed species found in midwestern
agricultural systems are facultative and include prickly lettuce (Lactuca serriola L.),
shepherd’s-purse (Capsella bursa-pastoris (L.) Medik), henbit (Lamium amplexicaule
L.), downy brome (Bromus tectorum L.), common chickweed (Stellaria media (L.) Vill.),
and horseweed (Conyza canadensis (L.) Cronquist) (Stubbendieck, 1995). Weed
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germination timing may influence management decisions such as cover crop species
selection, planting date, and/or termination date.
Winter annual weeds that germinate in the fall can overwinter as seedlings or
rosettes. The specific temperature required for germination varies among different
species. Light and soil moisture also play a significant role in weed germination. Several
studies have shown that prickly lettuce is sensitive to light conditions, and its germination
may be enhanced under high levels of light (Cici et al., 2009). Species such as common
chickweed and henbit have been shown to be sensitive to soil moisture, as their
germination may be inhibited under low soil moisture conditions (Cici et al., 2009).
Fecundity and longevity are also two important components of winter annual
weed physiology, and greatly affect the prevalence and management of species within a
region. Fecundity is defined as the amount of seed produced per plant, while longevity is
the ability of the seed to remain viable in the soil (Cici et al., 2009). Weed emergence
timing influences fecundity, while environmental factors during seed maturation
influence seed longevity. Several studies have suggested that fall-germinating weeds can
produce significantly more seed than spring-germinating weeds (Cici et al., 2009). Both
weed fecundity and longevity influence the potential for weed escapes and the level of
management difficulty. Shepherd’s purse, prickly lettuce, and common chickweed are
known to be highly fecund species (Cici et al., 2009), while horseweed is one of the most
fecund out of the winter annual species producing approximately 200,000 seeds per plant
(Heap, 2014; Bajwa et al., 2016). Shepherd’s purse and field pennycress (Thlaspi arvense
L.) are two of the most long-lived winter annual weeds (>4 years), while downy brome
and horseweed are relatively short-lived species (<2 years).

17

Winter Annual Weed Suppression
Several studies have shown that cover crops successfully reduced winter annual
weed density and/or biomass in the fall and/or early spring. In Michigan, Hayden et al.
(2012) evaluated the effect of hairy vetch and cereal rye on winter annual weed biomass
and density at two different locations within the state. Cover crop biomass production
ranged from 4000 to 6000 kg ha-1 and 4000 to 5000 kg ha-1 for rye and vetch
respectively. Results indicate that vetch alone reduced total weed biomass by 71 to 91%,
and rye reduced total weed biomass by 95 to 98%. Rye successfully reduced Shepherd’spurse and field pennycress density, while non-mustard weed species were largely
unaffected. Werle et al. (2018) studied the effect of cereal rye on winter annual weed
biomass and density in a continuous corn system at two different locations near North
Platte, Nebraska. Cereal rye biomass was approximately 4000 kg ha-1 at both locations at
the time of termination. Their results indicate that cereal rye reduced winter annual weed
biomass and density by 90% or more at the time of termination compared to the nontreated control. These results are similar to those documented by Hayden et al. (2012).
Brassica cover crops have also been shown to be useful in suppressing winter
annual weeds in the fall. Lawley et al. (2011) evaluated the ability of forage radishes to
suppress winter annual weeds at four different locations over a four-year period in the
mid-Atlantic region of the U.S. Forage radishes were seeded using a grain drill in late
August and winter-killed in January and February. Forage radish biomass was sampled in
November before the first frost and ranged from 5600 to 8400 kg ha-1. Results from the
study showed near 100% suppression of winter annual weeds in the fall and early spring
but provided less than adequate weed control in the subsequent corn crop.
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Pittman (2017) studied the effect of cover crops on horseweed suppression with
experiments at two different locations in Virginia from 2015 to 2017. Multiple species of
cover crops were used in both corn and soybean systems. Cover crops were seeded in
mid- to late October and were terminated with a roller crimper in late April to early May.
Cover crop biomass ranged from 216 to 11449 kg ha-1 in 2015-2016 and 0 to 7916 kg ha1

in 2016-2017 and was highly dependent upon the cover crop species/mixture. Results

from the study showed that all cover crop monocultures and mixtures used (except for
forage radish which winter-killed) provided approximately 50% or greater horseweed
suppression four weeks after termination in 2016, and approximately 90% or greater
suppression ten weeks after termination in 2017, all relative to the no-cover-crop control.
In Ontario Canada, Cholette et al. (2018) also evaluated the effect of several
different cover crop mixtures and monocultures on horseweed suppression in corn over a
three-year period. Cover crop biomass production varied from 290 to 1090 kg ha-1
depending on the cover crop species/mixture. Their results suggest that the most
productive cover crop treatments reduced horseweed density by 70% to 83%, and
horseweed biomass by 68% to 78%, both relative to the no-cover-crop control treatment.
Several studies have indicated that cover crops are often unable to provide as
effective weed control as herbicides (Cornelius and Bradley, 2017; Davis et al., 2009).
Field experiments conducted over a three-year period by Cornelius and Bradley (2017) at
two different locations in Missouri evaluated the effect of both cover crops and
herbicides on winter annual weed suppression. Multiple cover crop species and mixtures
were used in the study. Cover crop biomass production ranged from 0 to approximately
4000 kg ha-1, with cereal rye consistently producing the highest quantities of biomass
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among years and locations. Results suggest that cereal rye containing treatments
effectively reduced winter annual weed pressure between 68 and 72%, however, neither
cover crop treatment provided the same level of control as the fall-applied residual
herbicide treatment, which provided approximately 99% weed suppression. Cornelius
and Bradley (2017) concluded that though cover crops can be useful in suppressing
winter annual weeds, they cannot provide comparable levels of control provided by
residual herbicides.
Davis et al. (2009) evaluated the effect of a winter wheat cover crop in
combination with fall- and spring-applied residual herbicides on horseweed density in a
corn-soybean rotation near Butlerville, IN. Results were consistent with Cornelius and
Bradley (2017), indicating that fall-applied residual herbicides provided equal or greater
horseweed density reduction compared to the winter wheat cover crop, while springapplied residual herbicides consistently reduced horseweed densities more than the winter
wheat cover crop.
Although it has been well documented that cover crops can effectively suppress
winter annual weeds, the level of weed control that cover crops provide greatly varies
among different studies (Table 1-1). Results regarding cover crop use in combination
with residual herbicides are more consistent, as most studies have shown that cover crops
are often unable to provide as effective winter annual weed control as residual herbicides
(Cornelius and Bradley, 2017; Davis et al., 2009). Further investigation into the dynamics
of these systems in the Midwest may be useful to better understand how to effectively
integrate cover crops into traditional Corn Belt cropping systems to provide effective
winter annual weed suppression.
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Cover Crops and Summer Annual Weed Suppression
Summer Annual Weed Biology
Summer annual weeds germinate in late spring or early summer and reach
reproductive stages of development during the fall (Radosevish et al., 1997). The
emergence timing of summer annual weeds varies greatly among species and has been
shown to be closely related to soil temperature (Baskin and Baskin, 1987; Egley and
Williams, 1991; Werle et al., 2014).
Werle et al. (2014) modeled the emergence timing of several common summer
annual weed species based on emergence data from field experiments conducted in Story
County, IA. Summer annual weed emergence was divided into three categories (early,
middle, and late weed emergence) based on growing degree day (GDD) accumulation.
Results suggest that common early-emerging summer annual weeds include giant
ragweed (Ambrosia trifida L.) and common lambsquarters (Chenopodium album L.);
middle emerging species include eastern black nightshade (Solanum ptychanthum Dunal),
velvetleaf (Abutilon theophrasti Medik), and giant foxtail (Setaria faberi Herrm.); and
late emerging species include common waterhemp (Amaranthus tuberculatus (Moq.) J.D.
Sauer) and ivyleaf morningglory (Ipomoea hederacea Jacq.). Summer annual weed
emergence timing can have significant implications for cover crop management
decisions, such as termination date and method, cover crop species selection, and
herbicide application timing.
Fecundity and longevity are also important aspects of summer annual weed
physiology that greatly affect the prevalence and distribution of certain species in a given
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region (Van Acker, 2009). Van Acker (2009) describes the probability of weed escapes
as a function of the number of seeds a plant can produce and the persistence of those
seeds. Thus, both fecundity and longevity are important to consider when developing and
implementing a weed management strategy. Several of the most long-lived summer
annual weed species in the U.S. and Canada include redroot pigweed (Amaranthus
retroflexus L.), green foxtail (Setaria viridis (L.) P. Beauv.), and wild buckwheat
(Polygonum convolvulus (L.) basionym). These species’ seeds have been estimated to
remain viable in the soil for 6 to 40 years (Van Acker, 2009). Several of the most fecund
summer annual weed species in the U.S. and Canada include Palmer amaranth, redroot
pigweed, common lambsquarters, and kochia (Kochia scoparia (L.) Roth). These species
may produce anywhere from 1,000 to 250,000 seeds per plant (Van Acker, 2009; Ward et
al., 2013).
Palmer amaranth is perhaps one of the most difficult to control summer annual
weeds in many corn, soybean, and cotton (Gossypium hirsutum L.) production systems in
the U.S. This is because of its ability to produce 250,000 or more seeds per plant, making
established populations difficult to control (Ward et al., 2013). In addition to its large
reproductive capacity, Palmer amaranth has developed resistance to five different
herbicide modes of action (MOA) including ALS-inhibiting herbicides, dinitroanilines,
triazines, ESPS-inhibiting herbicides (glyphosate), and HPPD-inhibiting herbicides
(Ward et al., 2013). Other amaranthus species, such as common waterhemp, have also
developed herbicide resistance to several MOA, making its management potentially
difficult as well (Heap, 2014). Management strategies other than herbicides, such as
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cover crops and tillage, are becoming increasingly necessary to provide effective control
of these prolific species in many different cropping systems and regions around the U.S.
Summer Annual Weed Suppression
Several studies have investigated the potential to utilize winter annual cover crop
crops to suppress summer annual weeds in corn, soybean, and cotton cropping systems in
the U.S. Similar to winter annual weeds, few studies have found that cover crops alone
are capable of providing adequate levels of weed control (>95%) for the entirety of the
growing season (Loux et al., 2017; Cornelius and Bradley, 2017; Wiggins et al., 2016,
2017; Price et al., 2012; Norsworth et al., 2007), however, when cover crops are utilized
in combination with other methods of weed management, overall levels of control may be
enhanced (Price et al., 2012; Wiggins et al., 2017). Pittman (2017) and Webster et al.
(2013) have reported some of the highest levels of summer annual weed suppression
using winter annual cover crops, both of which conducted studies in environments
conducive to producing high levels of cover crop biomass.
Pittman (2017) studied the effect of winter annual cover crops on summer annual
weed suppression at two different locations in Virginia in a corn-soybean rotation. Cover
crop species used in the study included cereal rye, crimson clover, and hairy vetch.
Webster et al. (2013) evaluated the effect of winter annual cover crops on Palmer
amaranth control in cotton at two different locations in Georgia. Cover crops used
included cereal rye, narrow-leaf lupine (Lupinus angustifolius L.), crimson clover,
Austrian winter pea (Pisum Sativum L.), and cahaba vetch (Vicia sativa L.). Cover crops
were planted in the fall and were terminated the following spring prior to cash crop
planting. Cover crop biomass production was similar between the two studies, ranging
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from 2800 to 8750 kg ha-1, with cereal rye treatments producing >8000 kg ha-1. Both
studies reported that cereal rye treatments consistently provided the highest level of
summer annual weed suppression. Weed control ranged from 64 to greater than 80%
suppression relative to the untreated control in early summer across both studies. Cover
crop species other than cereal rye resulted in significantly less weed suppression likely
due to lower biomass production. Webster et al. (2013) further reported that the
relationship between cover crop biomass production and weed suppression was quadratic,
where the predicted levels of control were 25, 50, and 75% with 2950, 4900, and 8600 kg
ha-1 of accumulated cover crop biomass respectively.
Several studies have compared the performance of winter annual cover crops and
herbicides. Loux et al. (2017) conducted field trials in 2013 and 2014 that examined the
effect of cereal rye, oat, radish, and annual ryegrass cover crops on redroot pigweed,
waterhemp, and Palmer amaranth suppression in soybean. The study was conducted at 13
different sites in 6 different states, including Arkansas, Indiana, Illinois, Missouri, Ohio,
and Tennessee. All Palmer amaranth and waterhemp weed populations were glyphosate
resistant at all locations. Cover crop biomass was not measured in the study. Results
indicate that cover crop suppression of redroot pigweed, Palmer amaranth, and common
waterhemp ranged from 34 to 49% in treatments that did not received herbicide
treatments 21 days after the postemergence (POST) herbicide application. All cover crop
treatments that received preemergence (PRE) and POST herbicide applications were not
significantly different. Preemergence and POST herbicide treatments consistently
provided weed control ranging from 85 to 93% 21 days following the POST application,
which was much higher than that of cover crops alone.
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Cornelius and Bradley (2017) also evaluated the effect of cover crops and
herbicides on summer annual weed suppression in soybean. Field experiments were
conducted over a three-year period at two different locations in Missouri. Multiple cover
crop species were used in the study. Cover crop biomass production ranged from 0 to
approximately 4000 kg ha-1, with cereal rye and cereal rye plus hairy vetch treatments
consistently producing the highest biomass among years and locations. Results suggest
cereal rye and cereal rye plus hairy vetch cover crop treatments effectively reduced earlyseason summer annual weed pressure by 41 and 24% respectively. Cover crop treatments
did not provide the same level of control as the spring PRE treatment, which reduced
late-season summer annual weed pressure by 93%. Cornelius and Bradley (2017)
concluded that though cover crops can be useful in suppressing early emerging summer
annual weeds, they cannot provide comparable levels of control provided by residual
herbicides.
Wiggins et al. (2016) investigated the effect of a crimson clover and hairy vetch
cover crop as well as POST herbicides on glyphosate resistant Palmer amaranth control
in corn. Field experiments were conducted near Jackson, TN, in 2013 and 2014. Hairy
vetch treatments produced the largest amount of biomass (approximately 3000 kg ha-1),
while crimson clover produced significantly less biomass. Results indicate that both hairy
vetch and crimson clover provided similar levels of Palmer amaranth suppression early in
the growing season at 58 and 62% control respectively 14 days before the POST
application. Wiggins et al. (2016) concluded that both hairy vetch and crimson clover
provided similar levels of weed suppression (even though hairy vetch treatments
produced more biomass) because crimson clover residue was more persistent. As
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reported in other studies, weed suppression provided by cover crops was exceeded by the
POST herbicide treatments, which provided >95% Palmer amaranth control 28 days after
the POST application.
As suggested by Loux et al. (2017), Cornelius and Bradley (2017), and Wiggins et
al. (2016), cover crops alone are often unable to provide adequate summer annual weed
control for the entirety of the growing season. Rather, cover crops may be useful in
reducing selection pressure for herbicide resistant weeds and may also increase flexibility
in POST herbicide application timing by suppressing early summer annual weed
emergence and growth (Teasdale and Mohler, 2000; Price et al., 2012; Wiggins et al.,
2017). Cover crop weed suppression varied considerably among studies, even with
comparable levels of biomass production, further indicating the relevance of factors other
than cover crop biomass production (Table 1-2). Further investigation into the dynamics
and interactions among cover crop management practices and different herbicide
programs used in the Corn Belt would be useful to better understand how to best manage
these complex systems in the future.
Cover Crop Management Challenges
In addition to the benefits associated with cover crop use, there are also several
potential challenges. Two of the major challenges producers face in traditionally
managed Midwest corn-soybean systems include 1) timely establishment in the fall, and
2) decreased subsequent cash crop yield following cover crop termination (Bich et al.,
2014; Bastidas, 2017; Weston, 1996; Kaspar and Bakker, 2015; Miguez and Ballero,
2005).
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Cover Crop Establishment
Considering that cover crop biomass production is directly related to benefit
potential, timely cover crop seeding in the fall is critical to maximize cover crop growth.
This, however, is often a challenge in traditionally managed corn-soybean systems of the
U.S. Corn Belt where fall harvest often extends into November (Bich et al., 2014;
Johnson et al., 1998). Broadcast interseeding using a plane or high-clearance seeder is
one method to provide early seedling establishment prior to cash crop harvest. This,
however, may not be economically feasible due to its large expense, especially when
grain prices are low (Frye et al., 1985). In addition, broadcast seeding often results in
reduced stand compared to other methods of seeding such as drilling due to poor seed-tosoil contact (Ruis et al., 2019; Bastidas, 2017).
An alternative to broadcast interseeding is to utilize an early-season cash crop
cultivar, which would use less of the available growing season and allow additional time
to establish a cover crop in late summer or early fall (Bastidas, 2017; Appelgate et al.,
2017). One potential consequence of utilizing an early-season cultivar is reduced cash
crop grain yield. This may occur if the selected cultivar is not well adapted to the region.
Depending on the region, use of early-season cash crop cultivars could be an effective
and cheaper alternative to broadcast interseeding.
Bastidas (2017) measured the effect of several different corn relative maturities
(RMs) on corn yield and harvest date in an integrated corn and cover crop system in
Nebraska. Results show that late maturing hybrids (106 to 115 day RMs) yielded greater
than early maturing hybrids (80 to 96 day RMs) by approximately 6% but did not yield
differently than medium-maturing hybrids (97 to 105 day RMs) when planted in mid-
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May. Furthermore, use of early and medium-maturing hybrids allowed cover crops to be
planted nearly 30 and 15 days earlier than late maturing hybrids respectively. This
demonstrates that an integrated corn and cover crop system may be optimized through the
selection of medium-maturing hybrids, allowing for timely cover crop establishment and
maintained corn yields (Bastidas, 2017).
Few studies have evaluated integrated cash crop and cover crop systems.
Additional research is needed to determine whether early-season cultivars may
consistently allow for early cover crop planting with little yield penalty. In addition,
further investigation into this system using other cash crops, such as soybean, would
further enhance the ability of producers to make effective management decisions in the
future.
Cash Crop Yield
Although large quantities of cover crop biomass are often desired to obtain the
greatest benefit, this may potentially create challenges in the management of the
subsequent cash crop. Similar to weed competition with cash crops, cover crops can also
compete with cash crops if not managed appropriately. In a matter of speaking, cover
crops may become “weeds” themselves. Therefore, effective management of cover crops
before cash crop establishment is critical to balance benefit potential and subsequent cash
crop productivity.
High levels of accumulated cover crop biomass prior to cash crop planting can
result in several different complications, including nutrient immobilization, moisture
stress, competition for light, and physical or chemical suppression (Reddy, 2001, 2003;
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Weston, 1996; Miguez and Bollero, 2005; Appelgate et al., 2017; Kaspar and Bakker,
2015). The effect of these complications on cash crop yield varies significantly based on
cover crop management factors, including cover crop planting date, termination date, and
termination method. Additionally, environmental factors also play a significant role
(Ruffo et al., 2004; Snapp and Surapur, 2018; Miguez and Bollero, 2005). Research has
indicated that cash crop grain yield may increase (Chu et al., 2017; Kaspar and Bakker,
2015), decrease (Reddy, 2001; Kaspar and Bakker, 2015), or remain unchanged (Snapp
and Surapur, 2018; Ruffo et al., 2004) when planted following a cover crop in the spring.
The specific cause of increased or decreased cash crop yield is often difficult to attribute
to a particular factor due to complex interactions among different variables.
Several studies have investigated the effect of cover crops on soybean grain yield.
Reddy (2001) conducted a two-year study near Stoneville, MS, using Italian ryegrass
(Festuca perennis Lam.), oat, cereal rye, wheat, crimson clover, hairy vetch, and
subterranean clover. Cover crops were planted in mid-October and were terminated two
to three weeks before soybean planting the following spring using paraquat. The oat
cover crop produced the largest quantity of biomass at the time of soybean planting
(approximately 11100 kg ha-1), while other cover crops all produced less than 7600 kg ha1

. Soybean in cover crop treatments yielded less than soybean in the no-cover-crop

control treatments. The largest soybean yield reduction occurred in the highest biomass
producing treatments. Soybean yield reduction was primarily attributed to early-season
stand reduction, which ranged from 10 to 20% in treatments containing Italian ryegrass,
subterranean clover, wheat, oat, and cereal rye.
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Reddy (2003) conducted a similar study over a three-year period near Stoneville,
MS, that evaluated the effect of cereal rye alone on soybean yield. Cover crop planting
and termination dates were similar to those used by Reddy (2001). Cereal rye biomass
production averaged approximately 9500 kg ha-1 across years. Results showed that the
cereal rye cover crop had no effect on soybean yield across all years. The difference in
results between Reddy (2001) and Reddy (2003) demonstrates the large amount of
variability that can occur between years, even at a common location and when similar
management practices are utilized. Variation in environmental factors between years was
likely the primary reason for the differences observed between these two studies.
Chu et al. (2017) evaluated the effect of multiple species of cover crops on
soybean yield over a three-year period near Milan, TN. Cover crop treatments included
wheat, cereal rye, cereal rye and hairy vetch mix, cereal rye and crimson clover mix, and
a cereal rye, oat, daikon radish (Raphanus sativus var. niger J. Kern.), purple top turnip
(Brassica rapa L.), and crimson clover mix. Cover crops were planted following cash
crop harvest in the fall and were terminated between early March and late April the
following spring prior to soybean planting. Cover crop biomass production was not
reported. Results showed that the cereal rye, oat, daikon radish, purple top turnip, and
crimson clover mix significantly increased soybean yield one of three years, while all
other cover crop treatments resulted in no significant differences.
Several studies have also evaluated the effect of cover crops on corn grain yield.
In a meta-analysis, Miguez and Bollero (2005) analyzed data from 37 peer-reviewed
publications to investigate corn yield response when planted after winter annual cover
crops. Conditions used for publication selection included 1) corn had to be planted
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following a winter annual cover crop with a control treatment, 2) each study had to
contain more than one location or year, 3) studies had to be conducted in the U.S. or
Canada, and 4) sufficient information had to be provided to estimate the variance among
studies. Overall results of the study indicate that grass winter annual cover crops had no
effect on corn yield regardless of nitrogen fertilizer use, while legume cover crops
increased corn yield by approximately 37% when no nitrogen fertilizer was used. Results
from studies conducted in the north-central U.S. were more neutral than eastern and
southern regions due to the shorter growing season and greater annual environmental
variability. One major limitation of this study is the majority (92%) of the observations
used were from studies conducted in the southeastern or northeastern U.S. and eastern
Canada., while only 7% were from studies conducted in the north-central U.S. In
addition, no studies were included from the Great Plains (western Corn Belt) region.
There are inconsistencies among studies evaluating the effect of winter annual
cover crops on soybean and corn grain yield in the literature due to large variability
between different environments and management practices used. Corn and soybean grain
yield have been shown to be positively (Chu et al., 2017; Miguez and Bollero 2005),
negatively (Reddy, 2001; Kaspar and Bakker, 2015; Miguez and Bollero 2005), or not
affected by winter annual cover crops (Reddy, 2003; Appelgate et al., 2017; Kaspar and
Bakker, 2015; Miguez and Bollero 2005). Additionally, few studies have evaluated cover
crops’ effect on cash crop yield in the western Corn Belt region of the U.S. More research
is needed (particularly in the western Corn Belt) to understand how to better manage
these complex systems to minimize potential cash crop yield reduction in future.
Summary and Future Research Needs
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Cover crops can provide a variety of agronomic and environmental benefits to
agricultural systems, one of which is weed suppression (Finney et al., 2016; Webster et
al., 2013; Hayden et al., 2012; Teasdale and Mohler, 2000; Haramoto and Gallandt,
2004). Cover crops have been shown to be effective at suppressing both winter and
summer annual weeds, however, results are sometimes inconsistent and depend on
environmental factors, weed species, and cover crop management practices (Osipitan et
al., 2018). Several studies have indicated that cover crops are often unable to meet the
levels of control provided by PRE or POST herbicides (Lawley et al., 2011; Cornelius
and Bradley, 2017; Reddy, 2001, 2003; Wiggins et al., 2016, 2017; Loux et al., 2017).
This suggests that cover crops alone may be incapable of providing optimal weed control,
but when combined with other methods of weed management, may improve the overall
weed control of a system (Price et al., 2012; Wiggins et al., 2017). Research evaluating
the ability of cover crops to suppress weeds in the western Corn Belt is limited (Osipitan
et al., 2018). Further investigation into the dynamics between cover crop management
and herbicide program as they relate to weed suppression is necessary to understand how
to best manage these complex systems in the future.
The effectiveness of cover crops has been shown to be directly related to biomass
production, where high levels of biomass often result in the greatest benefit (Finney et al.,
2016; Webster et al., 2013; Teasdale, 1998; Akemo et al., 2000; Barnes and Putnam,
1983; Hoffman et al., 1996). To obtain high levels of biomass, establishment in late
summer or early fall is required to maximize growth. This, however, can be challenging
to achieve in traditionally managed Midwest Corn Belt cropping systems where fall
harvest often extends into November (Bich et al., 2014). Two possible solutions to this
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challenge include broadcast interseeding using a plane or high-clearance seeder prior to
fall harvest or use of an early-season cash crop cultivar, both of which have potential
advantages and disadvantages (Ruis et al., 2019).
In addition to cover crop establishment, reduced subsequent cash crop yield is
another potential challenge (Miguez and Bollero, 2005; Reddy, 2001; Kaspar and Bakker,
2015). There are inconsistencies among studies that evaluate the effect of winter annual
cover crops on corn and soybean yield due to large variability between environments and
management practices. Corn and soybean grain yield may be positively (Chu et al.,
2017), negatively (Kaspar and Bakker 2015; Reddy, 2001), or not effected by winter
annual cover crops (Reddy, 2003; Appelgate et al., 2017; Kaspar and Bakker 2015).
Results from studies conducted in the north-central U.S. are more neutral compared to
other regions due to the shorter growing season and higher environmental variability
(Miguez and Bollero, 2005). In addition, few studies have evaluated cash crop yield
response to cover crop use in the western Corn Belt (Miguez and Bollero, 2005). Further
research is needed to address these gaps.
To further evaluate potential for an agronomically robust integrated cover crop
and corn-soybean production system in the Midwest U.S., two research objectives were
evaluated in 2017-2019. The first objective was to evaluate the agronomic potential to
effectively utilize early-season soybean cultivars to allow for early cover crop
establishment across six distinct regions in the Midwest U.S; this objective will be
addressed in Chapter 2. The second objective was to determine the effect of cover crops
and herbicide program on winter and summer annual weed suppression and corn yield in
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two distinct environments in the U.S. western Corn Belt region; this objective will be
addressed in Chapter 3.

Table 1-1. Literature summary of winter annual weed suppression provided by varying levels of cover crop biomass.
Cover
Crop
Biomass‡

Cover Crop
Species

State

kg ha-1

Weed Biomass
Reduction†

Weed Density
Reduction†

____________________________

Weed Visual
Control†

Study

%____________________________

7600

Cereal Rye

VA

38

82

-§

Pittman, 2017

4500

Cereal Rye

MI

97

-

26

Hayden et al., 2012

4500

Hairy Vetch

MI

81

-

39

Hayden et al., 2012

4000

Cereal Rye

NE

90

-

90

Werle et al., 2018

3070

Hairy Vetch

VA

66

85

-

Pittman, 2017

2755

Crimson Clover

VA

38

78

-

Pittman, 2017

2290

Cereal Rye

MO

-

-

68

Cornelius and Bradley, 2017

MO

1425
Winter Wheat
50
Cornelius and Bradley, 2017
† Weeds were sampled between 0 and 4 weeks following cover crop termination in the spring. Weed species varied among studies.
‡ Cover crop termination method varied among studies.
§ Missing values present because parameters measured varied among studies.
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Table 1-2. Literature summary of summer annual weed suppression provided by varying levels of cover crop biomass.
Cover
Crop
Biomass‡
kg ha-1
12870
8565

Cover Crop
Species

State

Weed Biomass
Reduction†

Weed Density
Reduction†

_____________________________

Cereal Rye
Cereal Rye

TN
AL
GA

-§
65

Weed Visual
Control†

Study

%_____________________________
-

20
83

Wiggins et al., 2017
Price et al., 2012

8500
Cereal Rye
52
Webster et al., 2013
VA
7395
Cereal Rye
81
Pittman, 2017
AL
6730
Cereal Rye
67
81
Price et al., 2012
AL
5310
Cereal Rye
83
63
Price et al., 2012
VA
4260
Crimson Clover
39
Pittman, 2017
VA
3665
Hairy Vetch
28
Pittman, 2017
TN
3320
Winter Wheat
31
Wiggins et al., 2017
GA
3250
Crimson Clover
38
Webster et al., 2013
TN
3000
Hairy Vetch
58
Wiggins et al., 2016
TN
2660
Hairy Vetch
0
Wiggins et al., 2017
MO
2290
Cereal Rye
41
Cornelius and Bradley, 2017
TN
2210
Crimson Clover
0
Wiggins et al., 2017
TN
1600
Crimson Clover
62
Wiggins et al., 2016
MO
1425
Winter Wheat
0
Cornelius and Bradley, 2017
† Weeds were sampled between 0 and 4 weeks following cover crop termination in the spring. Weed species varied among studies.
‡ Cover crop termination method varied among studies.
§ Missing values present because parameters measured varied among studies.
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CHAPTER 2
MODIFYING SOYBEAN MATURITY GROUP SELECTION ALLOWS FOR
EARLY INCORPORATION OF FALL-SEEDED COVER CROPS
ABSTRACT
Cover crops can provide a variety of benefits to agricultural systems, however,
one of the primary challenges in traditional Midwest corn-soybean cropping systems is
achieving timely cover crop establishment in the fall to maximize growth. One potential
solution is to use an early-season cash crop cultivar. To evaluate this as a potential viable
management option, experiments were conducted to evaluate the effect of cover crop
planting date and termination date on biomass production and the potential to utilize
early-season soybean relative maturities (RMs) as a mechanism to allow for early
soybean harvest and cover crop planting in the fall. Field experiments were conducted in
2017-2019 across six different locations in Nebraska, Ohio, and Kentucky. Four different
soybean RMs were planted in May. Following harvest of each soybean RM, a rye-oat
cover crop mix was drilled. Cover crop biomass production was measured in the fall and
at two different times in the spring. Results from the study indicate that cover crop
biomass increased either linearly or quadratically with growing degree accumulation
associated with early planting across most site-years. Furthermore, late spring cover crop
sampling generally resulted in higher biomass accumulation than early spring sampling
for early planting dates. Finally, results suggest that there is potential to utilize earlyseason soybean cultivars to allow for early cover crop planting and increased cover crop
biomass production while maintaining soybean yield depending on the region.
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Abbreviations: RM, relative maturity.
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INTRODUCTION
Corn (Zea mays L.) and soybean (Glycine max L.) are two of the most widely
grown and economically important agronomic crops in the United States (USDA-ERS,
2017a; USDA-ERS, 2017b). The National Agricultural Statistics Service (NASS)
indicates that 81.7 million acres of corn and 88.1 million acres of soybean were harvested
in 2018 (USDA-NASS, 2019). Corn and soybean production are concentrated in the U.S.
Corn Belt (USDA-NASS, 2019), which is generally considered to include the states of
Iowa, Illinois, Nebraska, Minnesota, and Indiana, as well as parts of North Dakota, South
Dakota, Wisconsin, Michigan, Ohio, Kansas, Missouri, and Kentucky. Despite the high
productivity of this region, these summer annual crops are typically only grown for 6
months of the year, leaving traditionally managed Midwest corn-soybean systems fallow
for the remaining 6 months of the year. This fallow period can result in soil erosion,
nutrient loss, increased weed pressure, and reduced soil microbial activity (Kaspar et al.,
2001; Dinnes et al., 2002; Teasdale, 1998; Blanco-Canqui et al., 2015; Vukicevich et al.,
2016).
Some producers utilize unique management practices to reduce both the
occurrence and magnitude of these complications. One of these management practices
includes cover crops, which are defined as grasses or forbs that are utilized to reduce soil
erosion and improve soil physical properties, increase soil microbial biomass and
diversity, compete with weeds, and provide forage for livestock and wildlife (USDANRCS, 2017). Cover crops grown in the U.S. Corn Belt are predominately winter annuals
seeded after cash crop harvest in the fall and terminated in the spring prior to cash crop
planting (Blanco-Canqui et al., 2015; Nielsen et al., 2015). The effectiveness of cover
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crops in providing benefits to agricultural systems has been shown to be related to the
amount of biomass that they produce (Nielsen et al., 2015; Dinnes et al., 2002; Teasdale,
1998; Kaspar and Bakker, 2015; Blanco-Canqui et al., 2015).
Cover crop biomass production may be influenced by several factors, including
species characteristics, environmental factors, and management practices (Ruis et al.,
2019; Bich et al., 2014; Teasdale, 1998; Acharya et al., 2017; Wortman et al., 2012). In a
review, rye was found to be among the most commonly used cover crop species and often
produced the highest levels of biomass across multiple environments (Ruis et al., 2019).
Certain environments are generally more conducive to producing large quantities of
biomass than others, primarily due to differences in water availability and length of
growing season (Nielsen et al., 2015; Ruis et al., 2019). Cover crop planting date and
termination date were identified as two primary management practices that influence
cover crop biomass production (Ruis et al., 2019). Cover crop planting in late summer or
early fall often results in more biomass production compared to late fall planting.
Similarly, cover crop termination in late spring or early summer allows for a longer
period of growth compared to early spring termination, often resulting in higher levels of
biomass production (Ruis et al., 2019).
Although early cover crop seeding is desired, this is often difficult to achieve in
corn-soybean cropping systems in some parts of the U.S. Corn Belt where harvest often
extends into November, leaving little growing season to establish a cover crop (Bastidas,
2017; Bich et al., 2014; Johnson et al., 1998). Broadcast interseeding into the primary
cash crop is one method used to achieve timely establishment in late summer prior to
harvest. This method, however, does have potential disadvantages, such as reduced plant
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stand caused by seed interception by crop leaves or poor seed-soil contact (Ruis et al.,
2019; Bastidas, 2017), as well as potentially large equipment costs to the producer (Frye
et al., 1985).
An alternative solution to achieve timely cover crop establishment is to use an
early-season cash crop cultivar, which would allow for earlier cash crop harvest and
earlier cover crop seeding (Proctor et al., 2017; Bastidas, 2017; Ruis et al., 2019). One
potential disadvantage of this strategy, however, is use of cultivars outside their adapted
region may result in yield loss (Bastidas, 2017; Mourtzinis et al., 2017; Ciampitti et al,
2015; Nafziger, 2015). Bastidas (2017) measured the effect of several corn relative
maturities (RMs) on corn yield, harvest date, and cover crop biomass production. Results
show that late maturing hybrids (106 to 115 day RMs) yielded greater than early
maturing hybrids (80 to 96 day RMs) by approximately 6% but did not yield differently
than medium-maturing hybrids (97 to 105 day RMs) when planted in mid-May.
Furthermore, use of early and medium-maturing hybrids allowed cover crops to be
planted nearly 30 and 15 days earlier than late maturing hybrids respectively.
Although demonstrated in corn, effective modification of cash crop management
to achieve timely cover crop establishment has, to the best of our knowledge, not been
evaluated in soybean. Traditional soybean RMs grown in the U.S. Corn Belt range from 0
to 2.0 in the northern Corn Belt and 2.0 to 4.0 in the central and southern Corn Belt
(Mourtzinis and Conley, 2017). Large deviation from these region-adapted RMs (>1 MG
unit) results in significant yield loss, however, small deviations (<1 MG unit) may allow
for maintained yields and earlier harvest (Proctor et al., 2017; Mourtzinis et al., 2017;
Ciampitti et al, 2015; Nafziger, 2015). The objectives of this study were to 1) evaluate the
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effect of cover crop planting date and termination date on biomass production across
multiple environments in the U.S. Corn Belt, and 2) evaluate the potential to utilize earlyseason soybean RMs as a mechanism to allow for early soybean harvest and fall cover
crop planting to increase cover crop productivity.

MATERIALS AND METHODS
Experimental Sites
Field experiments were conducted in 2017-18 and 2018-19 across six different
locations in Nebraska, Ohio, and Kentucky; 11 total site-years were evaluated (Table 21). Site-years are denoted by 1) the location at which the experiment was conducted and
2) the year in which the study was initiated. For example, experiments for the Lincoln
2017 site-year were conducted near Lincoln, NE, and were initiated in 2017 and
completed in 2018. North Platte was irrigated while all other locations were rainfed. Soil
types varied across locations (Table 2-1).
Cultural Practices, Data Collection, and Experimental Design
Soybean was no-till planted in early to mid-May of 2017 and 2018 prior to cover
crop planting in the fall. Four different soybean RMs were selected to provide a range of
harvest dates (Table 2-2). In Ohio and Kentucky, 38.1 cm row spacing was used, while in
Nebraska, 76.2 cm row spacing was used. Soybean was seeded at a rate of 370,500 seeds
ha-1 across all locations. Soybean cultural practices were selected based on common
management practices of the region. Weeds were managed in-season using non-residual
herbicides to ensure fall cover crop establishment would not be hindered (Cornelius and
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Bradley, 2017). Soybean at North Platte, Nebraska, was irrigated using a lateral-move
irrigation system. Irrigation was managed using soil moisture sensors and
evapotranspiration data from local weather stations. Irrigation was not applied during
cover crop growth.
A 50% ‘Elbon’ cereal rye (Secale cereale L.) and 50% ‘Hayden’ spring oat
(Avena sativa L.) mix calculated by seed number was no-till drilled following harvest of
each soybean RM (Table 2-2). The mix was seeded at 89.7 kg ha-1 across all locations
except for Ohio, which used a seeding rate of 56 kg ha-1. Cover crop row spacing was 19
cm across all locations except for Lincoln, which used a row spacing of 15.2 cm. Oat
winter-killed while cereal rye overwintered into the spring across all site-years. The
experimental design used was a randomized complete block design with four replications,
where replication was equal to block. The treatment structure of the design was a single
treatment factor containing four levels (four cover crop planting dates).
A 0.18 m-2 quadrat was used to randomly sample aboveground cover crop
biomass in the fall and at two different times in the spring representing two potential
termination dates (Table 2-3). Two subsamples were randomly obtained from each
experimental unit. Cover crops within the quadrat were clipped at the soil surface, dried
at 65°C until samples ceased to lose moisture weight, and weighed to determine dry
matter accumulation on a kg ha-1 basis. In the fall, oat and cereal rye were sampled and
weighed separately by species for Lincoln and Mead 2017 and Lexington 2017 and 2018.
Adverse weather conditions during cover crop sampling prevented species separation for
other site-years. Cereal rye was sampled in the spring across all site-years.
Cover Crop Biomass Statistical Analysis
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A combined analysis of variance was conducted using PROC GLIMMIX in SAS
9.4 (SAS Institute Inc., Cary, NC) for each of the three regions (Nebraska, Ohio, and
Kentucky). North Platte site-years were analyzed independently from other Nebraska
site-years due to heterogenous variance. Spring sampling dates were analyzed as a splitplot in time, while fall sampling dates were analyzed independently from spring sampling
dates across all site-years. Fall oat and rye species were analyzed in a separate combined
analysis for Lincoln 2017, Mead 2017, Lexington 2017, and Lexington 2018. Fall oat and
rye data were analyzed as a split-plot design, where planting date was the whole plot
factor and cover crop species was the split-plot factor. All linear model effects were
fixed. Normality was evaluated using the Shapiro-Wilk test for normality, and
homogeneity of variances were evaluated using residual plot analysis.
PROC REG and PROC NLIN were used in SAS 9.4 (SAS Institute Inc., Cary,
NC) to fit linear, quadratic, and quadratic plus plateau models to evaluate the relationship
between cover crop biomass production and accumulated growing degree days (GDDs)
from cover crop planting to the first damaging frost in the fall and to termination in the
spring. The first damaging fall frost was defined as when the minimum daily air
temperature reached -4 °C or below. This temperature has been shown to be the point at
which frost damage occurs in oat (Webb et al., 1994). Growing degree days were
calculated by subtracting a base temperature of 4.4 ºC from average daily air temperature,
computed as:
GDD = Tavg – 4.4
where Tavg is daily average temperature. When the base temperature (4.4 ºC) exceeded
Tavg, GDD accumulation was set to zero. The base temperature (4.4 ºC) was selected
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based on previous research on cereal rye (Nuttonson, 1957). Model significance was
assessed at the 0.05 probability level (p ≤ 0.05), and goodness of fit was evaluated by the
root mean square error (RMSE) and coefficient of determination (adjusted R2).
Soybean Maturity Group Selection Analysis
Cover crop planting often did not occur immediately following harvest of
different soybean RMs due to logistical issues. As such, the relationship between soybean
RM, cover crop planting date, and cover crop biomass production is difficult to test. In
addition, our analysis is limited to four soybean RMs due to the large size of the study. In
a separate study conducted in tandem with the current study, soybean yield and full
maturity date (R8) (as defined by Pederson, 2014) were evaluated for 16 different
soybean RMs (Proctor et al., 2017). Utilizing a statistical modeling approach, data from
Proctor et al. (2017) and the current study were used to estimate several parameters for a
range of soybean RMs. These estimated parameters include 1) soybean yield potential, 2)
earliest possible cover crop planting date, 3) GDD accumulation in the fall, early spring,
and late spring, and 4) cover crop biomass production. Site-years included in the
summary are those that contained a complete data set necessary to compute each of these
parameters.
Soybean yield and cover crop planting date were estimated using soybean yield
and R8 date regression models from Proctor et al. (2017). An additional 8 days were
added to the R8 date to allow for soybean grain dry-down, which has been shown to be
an average dry-down period for soybean (Pederson et al., 2014). Estimated GDD
accumulation was calculated from the estimated earliest cover crop planting to the first
oat-damaging fall frost (-4 °C) and to early and late spring rye sampling. Regression
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analysis was then used to explain the relationship between estimated GDD accumulation
and soybean RM for each rye sampling date (fall, early spring, late spring).

RESULTS AND DISCUSSION
Cover Crop Planting Date Effect on Fall Biomass Production
Cover crop planting date significantly influenced fall biomass production across
all site-years (Table 2-4). Early cover crop planting resulted in more GDD accumulation
from planting to the first frost resulting in oat damage (defined as -4 °C) than late cover
crop planting (Table 2-10). All site-years possessed a similar relationship between GDD
accumulation and biomass production, as biomass consistently increased with increasing
GDD accumulation associated with earlier planting. These results are consistent with
previous work that shows air temperature is one of the primary factors influencing cover
crop growth (Mirsky et al., 2009), and earlier planting in the fall allows for increased
cover crop biomass production (Mirsky et al., 2011; Ruis et al., 2019).
At Nebraska sites (excluding North Platte 2017, 2018, and Mead 2018), cover
crop biomass production was not statistically different across site-years (Table 2-4) and
increased quadratically with GDD accumulation (Figure 2-1). At the North Platte site,
cover crop biomass was only produced for the first planting date and was very low
compared to other Nebraska sites (Table 2-5). These results likely occurred due to cooler
fall temperatures and earlier first frosts compared to other Nebraska locations. For Mead
2018, fall biomass was not collected due to an early snow that prevented sampling. A
significant site-year by planting date interaction existed for Ohio and Kentucky locations
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(Table 2-4). The relationship between GDD accumulation and cover crop biomass was
positive and quadratic for all Ohio and Kentucky site-years except for Lexington 2018
which was positive and linear (Figure 2-2). Lexington 2017 produced significantly more
biomass compared to all other site-years due to higher overall GDD accumulation (Figure
2-2), which is not surprising given this site’s more southern location relative to other sites
(Table 2-1).
Oat and rye fall biomass were compared for four of eleven site-years evaluated,
including Mead 2017, Lincoln 2017, and Lexington 2017 and 2018. There was a
significant interaction between site-year, planting date, and species for each of these siteyears (Table 2-6). The relationship between GDD accumulation and oat and rye biomass
production was significant across all site-years, except for Lexington 2018 where rye was
not significant (Figure 2-3). Both oat and rye biomass increased with GDD accumulation
across all site-years (except for Lexington 2018 rye), however, oat increased more rapidly
than rye and out-produced rye at higher accumulated GDD levels associated with earlier
planting dates (Figure 2-3). This is consistent with previous work that has shown oat
often out-produces rye in the fall (Maloney et al., 1999).
Oat biomass increased quadratically with GDD accumulation across each siteyear except Lexington 2018, which had a positive linear relationship between GDD
accumulation and biomass production (Figure 2-3). Rye increased quadratically with
GDD accumulation for Mead and Lexington 2017, while the relationship was positive
and linear for Lincoln 2017 (Figure 2-3). At the highest levels of GDD accumulation, oat
consistently contributed >65% of total biomass produced (rye + oat) while rye
contributed <35% of total biomass produced (rye + oat) across all site-years where oat
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and rye species were separated (Table 2-7). At the lowest levels of GDD accumulation,
oat and rye biomass production was more similar, however, oat still consistently
contributed >50% of total biomass produced (Table 2-7).
Relative to Lincoln and Mead 2017, it is interesting to note that Lexington 2017
rye biomass was distinctly lower than oat biomass at high levels of GDD accumulation
associated with early planting (88.4% oat v. 11.6% rye) (Table 2-7). In addition, it is
surprising that rye biomass did not significantly differ among different levels of GDD
accumulation for Lexington 2018 (Figure 2-3). Previous work has shown that cover crop
mixtures sometimes produce lower total biomass than monocultures due to interplant
competition (Ruis et al., 2019; Finney et al., 2016; Webster et al., 2013). Cereal rye may
have been suppressed due to the high productivity of oat, resulting in little to no
difference in rye biomass production among different levels of GDD accumulation.
Because a rye-only treatment was not included in the study, we were unable to directly
measure this possibility.
Cover Crop Planting and Sampling Date Effect on Spring Biomass Production
In Nebraska and Ohio, analysis of variance indicated a site-year by planting date
by sampling date interaction (Table 2-8). In Kentucky, analysis of variance showed no
differences between cover crop planting dates, however, indicated differences between
spring sampling dates (Table 2-8). Spring rye biomass production response to planting
date was generally more variable between regions than fall biomass even though early
cover crop planting still resulted in more GDD accumulation than late planting across all
site-years. In addition, late spring rye sampling consistently resulted in more GDD
accumulation than early spring sampling.
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For all Nebraska site-years, the relationship between rye biomass and
accumulated GDDs was similar to fall biomass results, as biomass increased with
increasing GDD accumulation associated with earlier cover crop planting across all siteyears (Figure 2-4, 2-5). In addition, GDD accumulation associated with late sampling
also generally resulted in greater rye biomass production than early sampling for early
planting dates (Figure 2-4, 2-5). Delaying cover crop termination in the spring is an
effective strategy to increase cover crop biomass production (Mirsky et al., 2011; Ruis et
al., 2019), however, timely cover crop termination prior to cash crop planting is
necessary to avoid potential yield reduction (Acharya et al., 2017). Total rye biomass
production for North Platte 2017 was significantly less (between 8 and 50 kg ha-1) than
other Nebraska site-years at comparable levels of GDD accumulation due to cooler spring
temperatures and below average rainfall (Table 2-9).
The relationship between early sampled rye biomass production and GDD
accumulation was best described by a quadratic model across all Nebraska site-years,
except for Lincoln 2018 where the relationship was linear (Figure 2-4, 2-5). Late sampled
biomass possessed a similar relationship (quadratic) with GDD accumulation for these
site-years as well, except for Lincoln and North Platte 2017 which showed a linear
relationship between rye biomass and accumulated GDDs (Figure 2-4, 2-5).
In Ohio, rye biomass again increased with GDD accumulation associated with
both early planting and late sampling across all site-years, except for Custar 2017 where
the relationship was not significant (Figure 2-4). The relationship between early and late
sampled biomass and GDD accumulation was positive and quadratic for South
Charleston 2017 and Custar 2018 (Figure 2-4). For Custar 2018, late sampled biomass
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production peaked near 900 GDDs at 4000 kg ha-1 before it began to decrease (Figure 24). This result may be due to cover crop senescence that resulted in a loss of biomass
(Andales et al., 2006). Total biomass production for both early and late sampling dates
was generally higher for South Charleston 2017 than Custar 2018, while both produced
significantly more biomass than all Nebraska site-years (Table 2-9). This occurred even
though total GDD accumulation between Ohio and Nebraska site-years was similar,
indicating that other environmental factors, such as moisture, may have contributed to
observed results.
In Kentucky, analysis of variance indicates that cover crop planting date was not
significant (Table 2-8). This result could be contributed to oat competition in the fall,
which may have hindered fall rye productivity resulting in similar biomass production
and root reserves prior to entering dormancy across planting dates; because a rye-only
treatment was not included in the study, we were unable to directly test this. Furthermore,
results indicate that sampling date influenced cover crop biomass production in the spring
across all Kentucky site-years (Table 2-8). Late spring sampling (late April to early May)
on average resulted in nearly 2000 kg ha-1 more biomass production compared to early
sampling (mid-April) across both years (Table 2-9). Kentucky site-years consistently
produced more total biomass than all Nebraska site-years due to higher total GDD
accumulation and produced similar levels of biomass as Custar 2018 and South
Charleston 2017 Ohio site-years (Table 2-9).
Soybean Maturity Group Selection and Cover Crop Biomass Potential
Results from this study show that cover crop planting date and termination date
frequently influence biomass production. We have mentioned that early cover crop
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seeding in the fall is often a challenge in traditional corn-soybean systems common in the
Corn Belt. One potential solution is to utilize an early-season soybean cultivar to allow
for earlier fall harvest. In a separate study conducted in tandem with the current study,
soybean yield and full maturity date (R8) were evaluated for a range of RMs (Proctor et
al., 2017). The date of soybean full maturity (R8) was generally shown to increase
linearly with increasing soybean RM across most site-years (Proctor et al., 2017).
Additionally, soybean yield was shown to increase quadratically with increasing RM and
plateau near RM 3.0 for most site-years (Proctor et al., 2017). This suggests that there
may be potential to reduce soybean RM to allow for early cover crop planting while
maintaining soybean yield.
Estimated GDD accumulation calculated from estimated cover crop planting
(based on soybean R8 data presented by Proctor et al. 2017) to the first oat-damaging fall
frost (-4 °C) and early and late spring rye sampling, tended to decrease with increasing
soybean RM (Figure 2-6). Regression analysis indicates that the relationship between
estimated GDD accumulation and soybean RM was quadratic across all site-years, except
for Custar 2017, Custar 2018, and Lexington 2017, where the relationship was linear
(Figure 2-6). For site-years where the relationship was quadratic, the rate of estimated
GDD accumulation slowed for soybean RMs >3.0, likely due to lower daily average
temperatures following R8 (+ 8 days) of later-maturing cultivars compared to earliermaturing cultivars. Utilizing estimated GDD accumulation regression models presented
in Figure 2-6 and cover crop biomass regression models presented previously, cover crop
biomass production was computed for each estimated cover crop planting date and actual
cover crop sampling date (Table 2-10).
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Based on estimated values obtained from regression models presented in Proctor
et al. (2017) and the current study, utilizing a 3.0 RM soybean allowed cover crop
planting to occur on average 9 days earlier than a 4.0 RM for North Platte 2018, South
Charleston 2017, Custar 2017, and Custar 2018; and also resulted in higher levels of
biomass production across most cover crop sampling dates (Table 2-10). In addition,
soybean grain yield did not differ between a 3.0 and 4.0 RM for these site-years, as
soybean yield tended to plateau near RM 3.0 (Table 2-10). Utilizing soybean RMs <3.0
for these site-years consistently resulted in the earliest cover crop planting dates and
highest biomass production, however, also often resulted in soybean yield reduction.
Depending on cover crop management objectives, sacrificing soybean yield for higher
levels of biomass production may be an economically viable option in some situations.
For example, utilizing cover crops as a forage resource for livestock is one way to
maximize economic return from a cover crop (Plastina et al., 2018).
For Lincoln 2017 and 2018, early maturing soybean cultivars again allowed for
the earliest cover crop planting dates and the highest levels of cover crop biomass
production, however, results regarding soybean yield were more variable (Table 2-10).
For Lincoln 2017, yield was not statistically different across all soybean RMs evaluated
(Table 2-10). For Lincoln 2018, soybean yield was not statistically different among RMs
2.0, 3.0, and 4.0, however, was slightly lower for RM 1.0 (Table 2-10). This suggests that
early maturing (< RMs 3.0) soybean cultivars may be used to allow for early cover crop
planting without incurring soybean yield loss. Previous work on soybean maturity group
yield performance has indicated that soybean RMs near 3.0 often obtain the highest yield
near Lincoln, NE (Zhang et al, 2007; Mourtzinis and Conley, 2017). As noted by Proctor
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et al. (2017), there were high levels of variability present in Lincoln soybean yield data,
which may have contributed to these results.
For Lexington 2017 and 2018, recall that cover crop planting date significantly
affected fall cover crop biomass production (Table 2-4), however, did not influence cover
crop biomass production in the spring (Table 2-8). Thus, if spring biomass production is
of primary interest, this suggests that that modifying soybean maturity group selection is
likely not a viable option; however, may be useful if large quantities of fall biomass are
desired for purposes such as fall livestock grazing or weed suppression. Because soybean
yield did not plateau and was highest for soybean RM 4.0 (Table 2-10), this indicates that
soybean RM may not be reduced below a 4.0 to allow for earlier cover crop planting
without sacrificing soybean yield. Previous research that has evaluated the influence of
soybean MG selection on soybean yield near Lexington, KY, has shown that soybean
yield tends to plateau near a 4.5 RM (Mourtzinis and Conley, 2017), which was outside
the range of soybeans RMs tested by Proctor et al. (2017). Thus, it is plausible that this
type of system may be optimized utilizing a RM >4.0, at least for fall biomass
production.

CONCLUSIONS
Results from this study indicate that both cover crop planting date and spring
sampling date significantly influenced cover crop biomass production across most siteyears evaluated. In the fall, most site-years possessed a quadratic or linear relationship
between cover crop biomass production and GDD accumulation. Biomass consistently
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increased with increasing GDD accumulation associated with early cover crop planting.
For site-years where oat and rye species were separated, oat consistently produced more
biomass than rye, especially for early cover crop planting dates.
In the spring, cover crop planting date significantly influenced biomass
production across most Nebraska and Ohio site-years, while notably having no effect in
Kentucky. For Nebraska site-years, cover crop biomass tended to increase linearly or
quadratically with increasing GDD accumulation associated with early planting for both
spring-sampling dates. In Ohio, cover crop biomass increased quadratically with GDD
accumulation across all site-years and sampling dates. Late spring sampling generally
resulted in greater biomass production than early spring sampling across all site-years.
This was especially true for early planting dates in Nebraska and Ohio. Total cover crop
biomass production was generally greater for Kentucky and Ohio site-years than
Nebraska site-years at comparable levels of GDD accumulation.
Early cover crop planting is often desired to achieve high levels of biomass
production, but this has been shown to be potentially difficult. Based on data presented
by Proctor et al. (2017) and results from the current study, there may be potential to
utilize early-season soybean cultivars to allow for early cover crop planting and higher
levels of cover crop biomass production. On average, the earliest-maturing soybean
cultivars evaluated allowed cover crops to be planted up to 30 days sooner than the latestmaturing soybean cultivars evaluated across all site-years, however, often resulted in
significant yield loss. In Nebraska and Ohio, soybean yield often plateaued near a 3.0
RM. This suggests that soybean maturity group selection may be reduced from RMs >3.0
to RM 3.0 to allow for earlier cover crop planting while maintaining soybean yield. In
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Kentucky, cover crop biomass production was not influenced by cover crop planting date
in the spring, suggesting that modifying soybean maturity group selection is likely not a
viable option in this region unless large quantities of biomass are desired in the fall.
Practical implications of this work include: 1) early cover crop seeding in the fall
can increase total biomass production compared to late seeding; 2) late spring cover crop
termination can allow for more biomass production compared to early spring termination;
3) oat can provide more fall biomass production than cereal rye; and 4) early-season
soybean cultivars (MG 2.5 – 3.5) can successfully allow for earlier cover crop seeding
with little to no soybean yield penalty.
To understand how to better manage a system that utilizes early-season soybean
cultivars, further research is needed to understand the influence of different soybean
management practices (row space, planting date, seeding rate) on the yield response of
soybean cultivars tested outside their region of adaptation. Furthermore, investigation
into what implications this may have for soybean maturity group selection, cover crop
planting date, and cover crop biomass production is also necessary. Modeling work
further evaluating the relationship between soybean maturity group selection, cover crop
planting date, and cover crop biomass production may also be useful to help better
understand how to make effective management decisions utilizing a complex system such
as this in the future.

62
Table 2-1. Location and year, latitude and longitude coordinates, and soil classification for
each experimental site-year. Site-years are denoted by 1) the location at which the experiment
was conducted and 2) the year in which the study was initiated.
Latitude

Longitude

Soil Series†

Site-Year

State

Mead 2017
Mead 2018

NE
NE

41.1
41.1

-96.4
-96.4

Tomek Silt Loam
Yutan Silty Clay Loam

Lincoln 2017
Lincoln 2018

NE
NE

40.8
40.8

-96.6
-96.6

Butler Silt Loam
Butler Silt Loam

North Platte 2017
North Platte 2018
Custar 2017
Custar 2018
S. Charleston 2017

NE
NE
OH
OH
OH

41.0
41.0
41.2
41.2
39.8

-100.8
-100.8
-83.7
-83.7
-83.6

Cozad Silt Loam
Cozad Silt Loam
Hoytville Clay Loam
Hoytville Clay Loam
Strawn-Crosby Complex

Lexington 2017
KY
38.1
-84.4
Lowell-Bluegrass Silt Loam
Lexington 2018
KY
38.1
-84.4
Bluegrass-Maury Silt Loam
† Source: Web Soil Survey, United States Department of Agriculture
(https://websoilsurvey.s.egov.usda.gov/App/HomePage.htm).
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Table 2-2. Soybean cultivars and associated company, relative maturity, and cover crop planting date for
each experimental site-year. Cover crop planting occurred soon after soybean harvest.
Site

____________2017____________
Cultivar Company RM‡ CC PD§
0616R2X
Channel
0.6
8 Sept.
1816R2X
Channel
1.8
22 Sept.
Mead, NE
2517R2X
Channel
2.5
18 Oct.
3416R2X
Channel
3.4
27 Oct.
0616R2X
Channel
0.6
8 Sept.
1816R2X
Channel
1.8
22 Sept.
Lincoln, NE
2517R2X
Channel
2.5
9 Oct.
3416R2X
Channel
3.4
18 Oct.
0616R2X
Channel
0.6
14 Oct.
1816R2X
Channel
1.8
20 Oct.
North Platte,
NE
2517R2X
Channel
2.5
27 Oct.
3416R2X
Channel
3.4
2 Nov.
AG03X7
Asgrow
0.3
15 Sept.
AG12X6
Asgrow
1.2
25 Sept.
Custar, OH
AG21X7
Asgrow
2.1
28 Sept.
AG30X6
Asgrow
3.0
4 Oct.
AG12X6
Asgrow
1.2
26 Sept.
AG21X7
Asgrow
2.1
4 Oct.
S. Charleston,
OH†
AG30X6
Asgrow
3.0
17 Oct.
AG42X6
Asgrow
4.2
26 Oct.
P16A35x
Pioneer
1.6
8 Sept.
P28T08R
Pioneer
2.8
27 Sept.
Lexington, KY
AG38X6
Asgrow
3.8
5 Oct.
AG42X6
Asgrow
4.2
21 Oct.
† Experiments were not conducted for South Charleston 2018.
‡ RM, Soybean relative maturity.
§ CC PD, Cover crop planting date.

_____________2018_____________
Cultivar
Company RM
CC PD
P05A93X
Pioneer
0.5
10 Sept.
P16A49X
Pioneer
1.6
24 Sept.
P25A27X
Pioneer
2.5
19 Oct.
P35A33X
Pioneer
3.5
30 Oct.
0616R2X
Channel
0.6
12 Sept.
1816R2X
Channel
1.8
24 Sept.
2517R2X
Channel
2.5
18 Oct.
3416R2X
Channel
3.4
30 Oct.
0616R2X
Channel
0.6
21 Sept.
1816R2X
Channel
1.8
19 Oct.
2517R2X
Channel
2.5
29 Oct.
3416R2X
Channel
3.4
5 Nov.
AG03X7
Asgrow
0.3
6 Sept.
AG12X6
Asgrow
1.2
20 Sept.
AG21X7
Asgrow
2.1
1 Oct.
AG30X6
Asgrow
3.0
16 Oct.
P16A35X
Pioneer
1.6
13 Sept.
2517R2X
Channel
2.5
21 Sept.
P35T58X
Pioneer
3.5
4 Oct.
AG42X6
Asgrow
4.2
11 Oct.

Table 2-3. Cover crop biomass sampling dates (day month year) for each experimental site-year.
_Fall Sampling_

_Early Spring Sampling_

_Late Spring Sampling_

2018

2017

2018

2017

2018

-

13 Apr. 18

8 Apr. 19

26 Apr. 18

29 Apr. 19

Site
2017
Mead, NE†

4 Dec. 17

Lincoln, NE

10 Dec. 17

11 Dec. 18

10 Apr. 18

9 Apr. 19

26 Apr. 18

25 Apr. 19

North Platte, NE

1 Dec. 17

13 Dec. 18

5 Apr. 18

19 Apr. 19

30 Apr. 18

14 May 19

Custar, OH

16 Nov. 17

6 Dec. 18

26 Apr. 18

6 May 19

11 May 18

21 May 19

S. Charleston, OH‡

14 Dec. 17

-

23 Apr. 18

-

7 May 18

-

Lexington, KY

28 Nov. 17

8 Nov. 18

26 Apr. 18

15 Apr. 19

3 May 18

30 Apr. 19

† Biomass was not measured for Mead in 2018 due to an early snow that prevented sampling.
‡ Experiments were not conducted for South Charleston 2018.
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Table 2-4. Combined analysis of variance (ANOVA) for total oat and cereal rye fall biomass
production for Nebraska, Ohio, and Kentucky site-years. North Platte was analyzed separately
from other Nebraska locations due to heterogeneous variance.
Source of Variation

Nebraska

Ohio

__________________________

Kentucky

North Platte

p-value_________________________

Site-Year (SY)

0.0650

0.0102

0.0121

0.0012

Planting Date (PD)

<0.0001

<0.0001

<0.0001

<0.0001

SY x PD

0.2455

0.0049

0.0001

<0.0001
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Table 2-5. Average total fall cover crop biomass production (cereal rye + oat) for different
cover crop planting dates (day month year) across all experimental site-years. Combined
analysis of variance (ANOVA) was conducted by region, except for North Platte, which was
analyzed separately due to heterogenous variance. Regions are separated by horizontal lines.
Means followed by different letters are statistically different at  = 0.05. Statistical
comparisons are only valid within region.

Site

Mead, NE‡

Lincoln, NE

North Platte, NE

Custar, OH

S. Charleston,
OH§

Lexington, KY

_________2017_________
CC† Planting
CC
Date
Biomass
kg ha-1
8 Sept. 17
602a
22 Sept. 17
159b
18 Oct. 17
27c
27 Oct. 17
9c
8 Sept. 17
899a
22 Sept. 17
298b
9 Oct. 17
18 Oct. 17
14 Oct. 17
20 Oct. 17
27 Oct. 17
2 Nov. 17
15 Sept. 17
25 Sept. 17
28 Sept. 17
4 Oct. 17
26 Sept. 17
4 Oct. 17
17 Oct. 17
26 Oct. 17
8 Sept. 17
27 Sept. 17
5 Oct. 17
21 Oct. 17

45c
24c
6b
2c
0c
0c
688ab
179c
202c
225c
664b
238c
27d
0d
1887a
733bc
424cde
52f

_________2018_________
CC Planting
CC
Date
Biomass
kg ha-1
10 Sept. 18
24 Sept. 18
19 Oct. 18
30 Oct. 18
12 Sept. 18
610a
24 Sept. 18
198b
18 Oct. 18
30 Oct. 18
21 Sept. 18
19 Oct. 18
29 Oct. 18
5 Nov. 18
6 Sept. 18
20 Sept. 18
1 Oct. 18
16 Oct. 18
13 Sept. 18
21 Sept. 18
4 Oct. 18
11 Oct. 18

27c
0c
33a
0c
0c
0c
803a
231c
62d
17d
841b
621bcd
409de
210ef

† CC, Cover crop.
‡ Biomass not measured for Mead 2018 due to an early snow that prevented sampling.
§ Experiments were not conducted for South Charleston 2018.
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Table 2-6. Combined analysis of variance (ANOVA) for rye and oat fall biomass production
for Nebraska (Mead 2017, Lincoln 2017) and Kentucky (Lexington 2017 and 2018) site-years.
Adverse weather conditions during cover crop sampling prevented oat and rye species
separation for other experimental site-years.
Source of Variation

Nebraska
_____________________

Kentucky
p-value_____________________

Site-Year (SY)

0.0621

<0.0001

Planting Date (PD)

<0.0001

<0.0001

SY x PD

0.1302

<0.0001

Species (SP)

<0.0001

<0.0001

SY x SP

<0.0001

0.0001

PD x SP

<0.0001

<0.0001

SY x PD x SP

<0.0001

<0.0001

Table 2-7. Average oat and rye fall biomass production for different planting dates (day month year) for Mead, Lincoln, and Lexington experimental
site-years. Combined analysis of variance (ANOVA) conducted by region. Regions are separated by horizontal lines. Means followed by different
letters are statistically different at  = 0.05. Statistical comparisons are only valid within region.
_______________________2017_______________________
Site

CC PD

†

Oat

Rye

Percent Oat

kg ha-1______

______________

______

Mead, NE‡

Lincoln, NE

Lexington,
KY

8 Sept. 17

§

466b

205cd

Percent
Rye

______________________2018_____________________
CC PD

%______________

Oat

Rye

Percent Oat

kg ha-1____

______________

____

Percent
Rye
%______________

69.4

30.6

10 Sept. 18

-

-

-

-

22 Sept. 17

176cde

38def

82.2

17.8

24 Sept. 18

-

-

-

-

18 Oct. 17

11ef

14ef

44.0

56.0

19 Oct. 18

-

-

-

-

27 Oct. 17

8ef

6ef

57.1

42.9

30 Oct. 18

-

-

-

-

110de

87.3

12.7

12 Sept. 18

-

-

-

-

56def

81.3

18.7

24 Sept. 18

-

-

-

-

8 Sept. 17

756a

22 Sept. 17

243c

9 Oct. 17

35ef

11ef

76.0

23.9

18 Oct. 18

-

-

-

-

18 Oct. 17

1f

0f

100.0

0.0

30 Oct. 18

-

-

-

-

219efg

88.4

11.6

13 Sept. 18

646b

67hi

90.6

9.4

8 Sept. 17

1669a

27 Sept. 17

520bc

213efgh

70.9

29.0

21 Sept. 18

409cd

66hi

86.1

13.9

5 Oct. 17

308de

117fghi

72.5

27.5

4 Oct. 18

220ef

87ghi

71.7

28.3

21 Oct. 17
34hi
18i
65.4
34.6
11 Oct. 18
† CC PD, Cover crop planting date.
‡ Biomass not measured for Mead 2018 due to an early snow that prevented sampling.
§ Biomass not measured for Lincoln 2018 due to an early snow that prevented species separation.

43hi

41hi

51.2

48.8
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Table 2-8. Combined analysis of variance (ANOVA) for cereal rye sampled in early and late
spring for Nebraska, Ohio, and Kentucky experimental site-years. North Platte was analyzed
separately from other Nebraska locations due to heterogenous variance.
Source of Variation

Nebraska

Ohio

______________________________

Kentucky
p-value

North Platte

_______________________________

Site-Year (SY)

0.0005

<0.0001

0.4677

<0.0001

Planting Date (PD)

<0.0001

<0.0001

0.1929

<0.0001

SY x PD

0.0018

<0.0001

0.4592

<0.0001

Sampling Date (SD)

<0.0001

<0.0001

<0.0001

<0.0001

SY x SD

<0.0001

0.0037

0.6507

<0.0001

PD x SD

<0.0001

0.0530

0.4379

<0.0001

SY x PD x SD

0.0013

0.0103

0.8334

<0.0001
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Table 2-9. Early spring (ES) and late spring (LS) cover crop biomass production for different
cover crop planting dates (day month year) across all experimental site-years. Combined analysis
of variance (ANOVA) conducted by region, except for North Platte, which was analyzed
separately due to heterogenous variance. Regions are separated by horizontal lines. Means
followed by different letters are statistically different at  = 0.05. Statistical comparisons are only
valid within region.
___________2017__________
___________2018__________
‡
§
¶
CC PD
ES
LS
CC PD
ES
LS
________
-1________
________
-1________
kg ha
kg ha
Mead, NE
8 Sept. 17
563efg
1450c
10 Sept. 18 1411c
2381b
22 Sept. 17
593defg
616defg 24 Sept. 18
909de
1594c
18 Oct. 17
108i
182hi
19 Oct. 18
73i
307fghi
27 Oct. 17
37i
43i
30 Oct. 18
62i
228ghi
Lincoln, NE
8 Sept. 17
510fgh
1341c
12 Sept. 18
928d
3109a
22 Sept. 17
232ghi
623defg 24 Sept. 18
623defg
2079b
9 Oct. 17
23i
130i
18 Oct. 18
106i
632def
18 Oct. 17
37i
77i
30 Oct. 18
55i
312fghi
North Platte, NE
14 Oct. 17
23ef
50ef
21 Sept. 18
188e
2573a
20 Oct. 17
14f
29ef
19 Oct. 18
102ef
1845b
27 Oct. 17
8f
11f
29 Oct. 18
45ef
1241c
2 Nov. 17
9f
8f
5 Nov. 18
25ef
791d
Custar, OH
15 Sept. 17 1345ghij
2498de
6 Sept. 18 2411def
2963cd
25 Sept. 17 1344ghij
2097efgh 20 Sept. 18 2828cde
4384b
28 Sept. 17 1306hij
1626fghi
1 Oct. 18 1577fghi
3574bc
4 Oct. 17 1162ij
2125efg
16 Oct. 18
635jkl
1477ghi
S. Charleston,
26 Sept. 17 2618de
5287a
†
OH
4 Oct. 17 2381def
5329a
17 Oct. 17 1074ijk
2606de
26 Oct. 17
28l
316kl
Lexington, KY
8 Sept. 17 1659b
3881a
13 Sept. 18 1558b
3668a
27 Sept. 17 2053b
4358a
21 Sept. 18 2504b
4880a
5 Oct. 17 2530b
4471a
4 Oct. 18 2308b
4255a
21 Oct. 17 1771b
4178a
11 Oct. 18 2251b
5419a
† Experiments were not conducted for South Charleston 2018.
‡ CC PD, Cover crop planting date.
§ ES, Early spring sampling.
¶ LS, Late spring sampling.
Site
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Table 2-10. Estimated soybean grain yield, cover crop planting date, growing degree day (GDD)
accumulation (from estimated soybean harvest to the first -4οC fall frost and early and late spring
sampling), and cover crop biomass production associated with four different soybean relative maturities.
All data shown are estimates obtained from regression models except for cover crop planting date, which
was estimated using soybean full maturity (R8) date. Eight days were added to soybean R8 date to allow
for soybean grain dry-down.

Site-Year

Lincoln, NE
2017

Soybean
Relative
Maturity

Soybean
Yield
kg ha-1
4127#
4127#
4127#
4127#
3305
3378
3378
3378
3526
4347
4770
4770
2606
3407
3782
3782
3472
3799
3877
3877
3626
4063
4210
4210
3037
3179
3475
3925
2209
2357
2991
4111

Cover
Crop
Planting
Date

GDD†
Accumulation
Fall‡

ES§

LS¶

Cover Crop Biomass
Fall

ES

LS

________

kg ha-1________
555 1405
280
733
141
383
81
226
1317 4316
755 2561
414 1491
291 1112
194 2563
154 2410
112 1949
79 1372
2575 5466
2144 4900
1328 3220
389 1103
1289# 2087#
1289# 2087#
1289# 2087#
1289# 2087#
2569 4102
2254 4095
1591 3230
805 1924
1619# 3470#
1619# 3470#
1619# 3470#
1619# 3470#
1645# 3498#
1645# 3498#
1645# 3498#
1645# 3498#

1.0
6 Sept. 725
911 1001
925
2.0
17 Sept. 493
679
770
431
3.0
27 Sept. 330
516
607
196
4.0
8 Oct.
235
422
512
102
Lincoln, NE
1.0
6 Sept. 708
892 1027
925
2018
2.0
19 Sept. 416
601
735
431
3.0
1 Oct.
239
423
558
196
4.0
14 Oct.
175
360
494
102
North Platte,
1.0
23 Sept. 149
444
588
8#
NE 2018
2.0
3 Oct.
68
350
496
8#
3.0
13 Oct.
19
282
420
8#
4.0
24 Oct.
2
237
360
8#
S. Charleston,
1.1
28 Sept. 385
633
776
458
OH 2017
2.0
7 Oct.
271
519
663
144
3.0
16 Oct.
166
415
558
6
4.0
25 Oct.
84
332
475
0
Custar, OH
1.0
23 Sept. 499
699
869
265
2017
2.0
1 Oct.
371
571
741
184
3.0
9 Oct.
243
443
613
0
3.8
17 Oct.
140
340
510
0
Custar, OH
1.0
17 Sept. 513
840
988
366
2018
2.0
26 Sept. 370
697
845
129
3.0
5 Oct.
228
554
702
13
3.8
14 Oct.
113
440
588
6
Lexington, KY
1.0
27 Aug. 1036 1588 1671 2768
2017
2.0
7 Sept. 858
1410 1493 1946
3.0
17 Sept. 680
1232 1315 1262
4.0
28 Sept. 502
1054 1137
718
Lexington, KY
1.0
1 Sept. 982
1469 1648 1137
2018
2.0
12 Sept. 734
1220 1399
850
3.0
22 Sept. 521
1008 1186
605
4.0
3 Oct.
344
831 1010
402
† GDD, Growing Degree Day.
‡ Fall, Fall cover crop sampling.
§ ES, Early spring cover crop sampling.
¶ LS, Late spring cover crop sampling.
# Regression analysis indicated no significant differences among treatments. Values shown are averages
across all treatments for a given site-year and cover crop sampling date combination.
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Figure 2-1. The relationship between growing degree day (GDD) accumulation from cover
crop planting to the first oat-damaging fall frost (-4 °C) and cover crop biomass production
for Mead, NE 2017 and Lincoln, NE 2017 and 2018 site-years.
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Figure 2-2. The relationship between growing degree day (GDD) accumulation from cover crop
planting to the first oat-damaging fall frost (-4 °C) and cover crop biomass production for Ohio
and Kentucky site-years.
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Figure 2-3. The relationship between growing degree day (GDD) accumulation from cover
crop planting to the first oat-damaging fall frost (-4 °C) for oat (solid line) and rye (dashed line)
biomass production for Mead, NE 2017, Lincoln, NE 2017, Lexington, KY 2017, and
Lexington, KY 2018 site-years.
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Figure 2-4. The relationship between growing degree day (GDD) accumulation from cover
crop planting to early (dashed line) and late (solid line) spring biomass sampling and cereal rye
biomass production for Nebraska and Ohio site-years.
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Figure 2-5. The relationship between growing degree day (GDD) accumulation from cover
crop planting to early (dashed line) and late (solid line) spring biomass sampling and cereal
rye biomass production for North Platte, NE 2017 site-year.
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Figure 2-6. Growing degree day (GDD) accumulation from estimated cover crop
planting to the first oat-damaging frost in the fall (-4 °C) (solid line), and to early (dashed
line) and late (dotted line) spring biomass sampling for soybean relative maturities
ranging from 0.3 to 4.7 across all Nebraska (excluding North Platte 2017 and Mead 2017
and 2018), Ohio, and Kentucky site-years. Soybean full maturity (R8) data was utilized
from Proctor et al. (2017) to estimate cover crop planting date in the fall. Eight days were
added to soybean R8 date to allow for grain dry-down. Experimental site-years excluded
were those that did not possess a complete data set necessary to compute all parameters
of interest.
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CHAPTER 3
MANAGING WEEDS UTILIZING AN INTEGRATED COVER CROP AND
HERBICIDE MANAGEMENT PROGRAM AND THE INFLUENCE ON CORN
YIELD
ABSTRACT
Cover crops may be effective or ineffective at suppressing weeds depending on
several factors, including weed population characteristics, environmental factors, and
cover crop management practices. The objective of this study was to determine the effect
of cover crop planting date, termination date, and herbicide program on weed suppression
and corn yield from a systems perspective. A cereal rye and oat cover crop mix was
planted at four different times in the fall and terminated at two different times in the
spring prior to corn planting. Herbicide treatments included: 1) fall burndown + spring
preemergence (PRE) + postemergence (POST), 2) spring PRE + POST, and 3) POST.
Cover crop biomass, weed density, weed biomass, and corn yield were measured. Results
suggest that use of a residual PRE herbicide was necessary to obtain the highest levels of
weed control. Additionally, results showed that the addition of a fall burndown to a
spring PRE + POST herbicide program did not provide additional weed control in late
spring and summer. Late cover crop termination resulted in less weed biomass than early
termination for one of four site-years. Regression analysis further indicated that weed
biomass tended to decrease linearly with increasing cover crop biomass production. Corn
yield was negatively influenced by cover crop planting date one of two site-years
evaluated. These results indicate that cover crops’ influence on weed suppression and
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corn yield is variable and highlights the importance of other traditional methods of weed
management.

Abbreviations: PRE, preemergence; POST, postemergence.
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INTRODUCTION
Cover crops can provide a variety of benefits to agricultural systems, such as
reduced soil erosion, improved soil physical properties, increased soil microbial biomass
and diversity, soil nutrient scavenging, forage production, and weed suppression (Kaspar
et al., 2001; Vukicevich et al., 2016; SARE, 2014; Ruffo et al., 2004; Krutz et al., 2009;
Blanco-Canqui et al., 2015). Cover crops grown in the U.S. Corn Belt are predominately
winter annuals seeded after cash crop harvest in the fall and terminated prior to cash crop
planting in the spring (Nielsen et al., 2015; Blanco-Canqui et al., 2015). Cereal rye
(Secale cereale L.) is one of the most commonly used cover crops in the north-central
U.S. because of its winter-hardiness and its ability to quickly accumulate large quantities
of biomass in the spring (Werle et al., 2018; Hayden et al., 2012; Ruis et al., 2019).
Cover crops suppress weeds by competing for various resources, such as sunlight,
water, and nutrients; and by providing physical and chemical suppression by releasing
allelopathic compounds (Teasdale and Mohler, 2000; Teasdale and Mohler, 1993;
Teasdale et al., 2007; Weston, 1996; Barnes and Putnam, 1983). Cover crops can affect
both weed density (the number of weeds) and weed biomass, which is a function of both
weed density and weed size. Weed suppression is closely related to cover crop biomass
production (Teasdale et al., 2007; Finney et al., 2016; Mirsky et al., 2011; Akemo et al.,
2000; Webster et al., 2013), which is generally considered a function of cover crop
species characteristics, environmental factors, and management practices such as planting
and termination date (Ruis et al., 2019; Mirsky et al., 2011; Bich et al., 2014; Teasdale,
1998; Acharya et al., 2017).

84

Weed biomass has been shown to decrease either linearly (Akemo et al., 2000) or
quadratically (Finney et al., 2016) with increasing cover crop biomass. In addition,
Webster et al. (2013) and Wiggins et al. (2017) indicated that Palmer amaranth
(Amaranthus palmeri S. Wats) percent visual control increased exponentially with
increasing cover crop biomass. Finally, Teasdale and Mohler (2000) found that weed
emergence tended to decrease exponentially with increasing cover crop biomass.
The threshold of cover crop biomass required to obtain weed suppression is
highly variable. Finney et al. (2016) indicated that approximately 4625 kg ha-1 of cover
crop biomass was required to achieve near 100% reduction in weed biomass. Webster et
al. (2013) reported that approximately 8600 kg ha-1 of cover crop biomass was required
to achieve 75% visual control of Palmer amaranth. Furthermore, Wiggins et al. (2017)
reported that between 2200 and 2500 kg ha-1 of cover crop biomass was required to
achieve 33 and 38% visual control of Palmer amaranth respectively. This variability may
be related to differences in weed population characteristics among studies, such as weed
emergence timing and weed species sensitivity to cover crop competition (Mirsky et al.,
2011).
Weed suppression provided by cover crops has generally been understudied
compared to other areas of cover crop management, especially in the western Corn Belt
of the United States (Osipitan et al., 2018). Several studies have indicated that cover
crops are less effective than preemergence (PRE) or postemergence (POST) herbicides
(Lawley et al., 2011; Cornelius and Bradley, 2017; Reddy, 2001, 2003; Wiggins et al.,
2016, 2017; Loux et al., 2017); suggesting that cover crops alone may be incapable of
providing optimal weed control, but when combined with other methods of weed
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management, may improve the overall weed control of a system (Price et al., 2012;
Wiggins et al., 2017). Specifically, cover crops may reduce selection pressure for
herbicide resistant weeds as well as provide flexibility in herbicide application timing by
suppressing emergence and early growth (Teasdale and Mohler, 2000; Wiggins et al.,
2017; Price et al., 2012).
Although there are many potential benefits associated with cover crops, several
studies have indicated that they may reduce subsequent cash crop yield through nutrient
immobilization, moisture depletion, physical suppression, or chemical suppression
caused by allelopathy (Kaspar and Bakker, 2015; Acharya et al., 2017; Teasdale, 1993,
1996; Noland et al., 2018; Wortman et al., 2013). Cover crops’ effect on cash crop yield
depends on both environmental factors and cover crop management practices, such as
cover crop planting date, termination date, and termination method (Ruffo et al., 2004;
Snapp and Surapur, 2018; Miguez and Bollero, 2005; Acharya et al., 2017; BlancoCanqui et al., 2015; Teasdale, 1993).
In the U.S. Corn Belt, corn (Zea mays L.) grain yield has generally been reported
to be negatively (Kaspar and Bakker, 2015; Miguez and Bollero, 2005), or not effected
by winter annual cover crops (Appelgate et al., 2017; Kaspar and Bakker, 2015). Few
studies have evaluated the effect of cover crops on corn grain yield in the western Corn
Belt region (Miguez and Bollero, 2005). Moisture stress is thought to be one of the most
common factors contributing to reduced cash crop yield in this environment due to large
variability in annual precipitation (Unger and Vigil, 1998). The specific cause of reduced
yield is often difficult to determine due to complex interactions among different
variables.
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There is a lack of consistency among studies that evaluate the effect of winter
annual cover crops on weed suppression and corn grain yield due to large variability
between different environments and cover crop management practices used (Osipitan et
al., 2018; Miguez and Bollero, 2005). Further investigation into the interactions among
different cover crop management practices and herbicide programs as they relate to weed
suppression and corn yield would be useful to better understand how to best manage
these complex systems, particularly in the western Corn Belt region. Therefore, the
objective of this study was to evaluate the system effect of cover crop planting date,
termination date, and herbicide program on weed suppression and corn yield in the
western Corn Belt region.

MATERIALS AND METHODS
To effectively evaluate parameters relevant to the objective presented in this
chapter, the experiment from chapter 2 was expanded for a subset of Nebraska site-years
to include two cover crop termination dates and three different herbicide programs. This
chapter will present results related to weed management and corn yield.
Experimental Sites
Field experiments were conducted at the Havelock Research Farm near Lincoln,
NE, and the West Central Research and Extension Center near North Platte, NE, in 201718 and 2018-19; four total site-years were evaluated (Table 3-1). Site-years are denoted by
1) the location at which the experiment was conducted and 2) the year in which the study
was initiated. For example, experiments for the Lincoln 2017 site-year were conducted
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near Lincoln, NE, and were initiated in 2017 but not completed until 2018. Soil types varied
across locations (Table 3-1). The North Platte site was irrigated with a lateral-move
irrigation system while the Lincoln site was rainfed. Average monthly temperature,
precipitation, and irrigation are shown in Table 3-2 and 3-3 for North Platte and Lincoln
respectively.
Cultural Practices and Experimental Design
Soybean (Glycine max L.) was planted in early to mid-May of 2017 and 2018
prior to cover crop planting in the fall. Four different relative maturities (RMs) were
selected to provide a diversity of harvest dates and allow cover crops to be planted at
different times (Table 3-4). Soybean was no-till planted into corn residue at a seeding rate
of 370,500 seeds ha-1 on 76.2 cm-1 row spacing. Soybean planting date, seeding rate, and
row spacing were selected based on common practices of the region. Weeds were
managed during the soybean growing period using non-residual herbicides to ensure fall
cover crop establishment would not be hindered (Cornelius and Bradley, 2017). Soybean
irrigation was managed at North Platte using soil moisture sensors and evapotranspiration
data from local weather stations. Irrigation was not applied to cover crops.
A 50% ‘Elbon’ cereal rye and 50% ‘Hayden’ spring oat (Avena sativa L.) mix
calculated by seed number was no-till drilled following harvest of each soybean RM
(Table 3-4). A no-cover-crop control treatment was also included, which possessed a 2.5
RM soybean (Channel 2517R2X). Due to resource limitations, we were unable to include
a no-cover-crop control treatment for each soybean RM, thus statistical comparisons are
only valid between the no-cover-crop control and cover crop planting dates that were
associated with the 2.5 RM soybean.
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The cereal rye and oat mix was seeded at a rate of 89.7 kg ha-1 using 15.2 cm-1
row spacing in Lincoln and 19 cm-1 row spacing in North Platte. Oat winter-killed in
December, while cereal rye overwintered into the spring. Cereal rye was terminated using
1.5 kg ai ha-1 of glyphosate [N-(phosphonomethyl)glycine] at two different times in the
spring (Table 3-5). Three different herbicide programs were also evaluated, including a
fall burndown + spring PRE + POST, spring PRE + POST, and a POST only program
(Table 3-5). Herbicides used included dicamba for the fall burndown, S-metolachlor +
mesotrione + bicyclopyrone + glyphosate for the spring PRE, and diflufenzopyr +
dicamba + glyphosate for the POST treatment (Table 3-6). Herbicide treatments were
applied using a CO2 backpack sprayer. TeeJet XR8003 flat-fan nozzles (TeeJet
Technologies, Glendale Heights, IL) were used for the fall burndown and spring PRE
treatments, while TeeJet TTI11004 air induction nozzles were used for the POST
treatment.
The experimental design was a randomized complete block split-plot design with
four replications, where replication was equal to block. The treatment structure for the
whole-plot experimental units (EUs) was a single treatment factor (cover crop planting
date and control) containing five levels. The treatment structure for the split-plot EUs was
a full 2x3 factorial, evaluating two cover crop termination dates and three herbicide
programs. Whole-plot EUs measured 6.1 m-1 wide by 27.4 m-1 long, while split-plot EUs
measured 3.05 m-1 wide by 9.1 m-1 long.
Corn was planted soon after the late spring cover crop termination date at a
seeding rate of 74,130 seeds ha-1 on 76.2 cm-1 row spacing (Table 3-5). Each split-plot
EU contained four corn rows. At Lincoln, a 111-day relative maturity hybrid (Pioneer
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P1197am) was used while a 105-day relative maturity hybrid (Hoegemeyer 7556RR) was
used at North Platte. Approximately 168 and 224 kg ha-1 of nitrogen was applied prior to
planting for Lincoln and North Platte respectively. All experimental site-years received a
56 kg ha-1 nitrogen application in-season near the V6 growth stage, as defined by
Abendroth et al. (2011). Corn irrigation at North Platte was managed using soil moisture
sensors and evapotranspiration data from local weather stations. All corn management
practices were based on common practices of the region. Refer to Figure 3-1 for an
overview of the study timeline.
Data Collection
A 0.18 m-2 quadrat was used to randomly sample aboveground cover crop
biomass in the fall and at two different times in the spring prior to early and late cover
crop termination (Table 3-5). Two subsamples were randomly obtained from each splitplot EU. Cover crops within the quadrat were clipped at the soil surface, dried at 65 °C
until samples ceased to lose moisture weight, and weighed to determine dry matter
accumulation on a kg ha-1 basis. Only cereal rye was sampled in the spring for all siteyears.
Aboveground weed biomass was measured before and after the POST herbicide
treatment was applied using a 0.09 m-2 quadrat (Table 3-7). Three subsamples were
randomly obtained from each split-plot EU. Weeds within the quadrat were clipped at the
soil surface, dried at 65 °C until samples ceased to lose moisture weight, and weighed to
determine dry matter accumulation on a kg ha-1 basis. Weed density was measured before
and after each herbicide and termination treatment using a 0.09 m-2 quadrat (Table 3-7).
Three subsamples were randomly obtained from each split-plot EU. Weeds within the
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quadrat were counted and recorded by species. The primary weed species present at
North Platte included Palmer amaranth, horseweed (Conyza canadensis (L.) Cronquist),
puncturevine (Tribulus terrestris L.), and foxtail (Setaria L.). In Lincoln, the primary
weed species present included horseweed, Palmer amaranth, velvetleaf (Abutilon
theophrasti Medik.), common lambsquarters (Chenopodium album L.), and foxtail.
Corn yield was measured by harvesting the center two rows of each four plot with
a small-plot combine equipped with HarvestMaster grain weight and moisture measuring
systems (Juniper Systems, Logan, Utah). Corn was harvested in mid- to late October.
Grain weight was adjusted to 15% moisture and calculated on a kg ha-1 basis. Corn stand
was evaluated in early June to determine plant population per hectare.
Statistical Analysis
Analysis of variance was conducted using PROC GLIMMIX in SAS 9.4 (SAS
Institute Inc., Cary, NC). Data were analyzed independently across all site-years due to
heterogenous variance across locations and years. Weed data were analyzed
independently for each sampling date. Sampling date data sets that contained >90% zeros
were not included in the analysis. Results of a preliminary analysis indicated that few to
no differences existed between summer and winter annual weed density across all
sampling dates, thus they were combined and analyzed as total weed density. A separate
analysis of variance was conducted for no-cover-crop control treatments and early
October cover crop planting date treatments since the soybean RM used for the no-covercrop control was confounded with all other cover crop planting date treatments. All linear
model effects were fixed. Normality was evaluated using the Shapiro-Wilk test for
normality, and homogeneity of variances were evaluated using residual plot analysis.
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Differences between treatment means were evaluated using Fisher’s LSD and were
considered significant at the 0.05 probability level (p ≤ 0.05). Log10 and square root data
transformations were used to correct for heterogenous variance and non-normality. Backtransformed means are presented for interpretation.
PROC REG was used in SAS 9.4 (SAS Institute Inc., Cary, NC) to fit linear,
quadratic, and quadratic plus plateau models to evaluate the relationship between weed
density/biomass and cover crop biomass for sampling dates where the cover crop
significantly influenced weed density/biomass. The relationship between corn yield and
cover crop biomass was also evaluated for site-years where the cover crop significantly
influenced corn yield. Model significance was assessed at the 0.05 probability level (p ≤
0.05) and goodness of fit was evaluated by the root mean square error (RMSE) and
coefficient of determination (adjusted R2).

RESULTS AND DISCUSSION
Cover Crop and Herbicide Program Effect on Fall Weed Density
Prior to Fall Burndown Application Sampling:
Prior to the fall burndown application, total weed density was very low for North
Platte 2017 and 2018, resulting in data sets containing >90% zeros (Table 3-8). For
Lincoln 2017 and 2018, weed density was influenced by cover crop planting date (Table
3-9).
For Lincoln 2017 and 2018, weed density tended to decrease as cover crop
planting was delayed (Figure 3-2) even though later planting dates generally resulted in
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less cover crop biomass production than early planting dates (Table 3-10); and overall
cover crop biomass production was significantly less than reported thresholds required to
obtain weed suppression (Finney et al., 2016; Webster et al., 2013) (Table 3-10). Thus,
this result may have been influenced by soybean MG used before cover crop planting,
light soil disruption from the drill used to seed the cover crop, or the combination of the
two. Late cover crop planting dates were associated with harvest of late maturing soybean
cultivars, which maintain their canopy longer in the season, potentially reducing weed
emergence through reduced light penetration to the soil surface. Early cover crop planting
dates were associated with harvest of early maturing soybean cultivars, which lose
canopy cover more rapidly than late maturing soybean cultivars, potentially resulting in
higher levels of weed emergence. Drilling cover crops closer to the time of sampling (late
planting dates) may have also resulted in lower weed density due to light soil disruption
caused by the drill, resulting in little time for additional weed emergence and/or growth
before weed density sampling.
For Lincoln 2017, weed density was higher for the no-cover-crop control
treatment than the early October cover crop planting date (Figure 3-2). This indicates that
differences in weed density may have been influenced by soil disruption caused by the
drill, as the no-cover-crop control treatment was not planted, thus the soil was not
disturbed. For Lincoln 2018, weed density in the no-cover-crop treatment (no soil
disturbed) was not different from the early October cover crop planting date (which
possessed the same soybean MG), indicating that soybean MG may have been the
primary factor contributing to differences in weed density between cover crop planting
dates (Figure 3-2). Early-season soybean cultivars lose canopy cover earlier in the season
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than late-season cultivars and result in more light penetration to the soil surface. Some
weed species are sensitive to light conditions and their emergence may be enhanced
under higher levels of light (Teasdale and Mohler, 2000; Cici and Van Acker, 2009).
Because we did not collect soybean canopy light penetration data to test this hypothesis,
it is difficult to determine which factors specifically contributed to these results.
After Fall Burndown Application Sampling:
After the fall burndown application, total weed density was very low for North
Platte 2017 and 2018, resulting in data sets containing >90% zeros (Table 3-8). Results
were not statistically significant for Lincoln 2017 (Table 3-9). Cover crop planting date
influenced weed density for Lincoln 2018. In addition, herbicide program influenced
weed density in the no-cover-crop control and early October cover crop planting date
treatment subset for Lincoln 2018 (Table 3-9).
For Lincoln 2018, weed density again tended to decrease as cover crop planting
date was delayed (Figure 3-3). Weed density did not differ among herbicide treatments
across most cover crop planting dates, notably excluding the no-cover-crop control
treatment. For this treatment, weed density was statistically higher for the untreated
herbicide control treatment than the fall burndown treatment (Figure 3-3). This may have
been due to greater weed pressure in the no-cover-crop control treatment (influenced by
an early-season soybean RM) which allowed for more distinct differences between
herbicide treatments than for the early October cover crop planting date treatment.
Cover Crop and Herbicide Program Effect on Spring Weed Density
Prior to Early Cover Crop Termination Sampling:
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Prior to early cover crop termination, total weed density was very low for North
Platte 2017 and 2018, resulting in data sets containing >90% zeros (Table 3-8). For
Lincoln 2017, weed density was influenced by herbicide treatment (Table 3-9). For
Lincoln 2018, weed density was influenced by both cover crop planting date and
herbicide treatment (Table 3-9).
For Lincoln 2017, the fall burndown herbicide treatment possessed fewer weeds
than the untreated herbicide control prior to early cover crop termination. Averaged
across all cover crop planting and termination dates, the fall burndown treatment
possessed approximately 3 plants m-2 while the untreated herbicide control possessed
nearly 54 plants m-2, indicating the effectiveness of the fall burndown treatment in early
spring. For Lincoln 2018, weed density again decreased as cover crop planting was
delayed for both the fall burndown treatment and the untreated herbicide control (Figure
3-4). In addition, the fall burndown treatment resulted in greater weed control than the
untreated herbicide control treatment across most cover crop planting dates as well as the
no-cover-crop control treatment (Figure 3-4).
Prior to Preemergence (PRE) Application Sampling:
Prior to the PRE herbicide application, total weed density was very low for North
Platte 2017, resulting in data sets containing >90% zeros (Table 3-8). For North Platte
2018, results were not statistically different (Table 3-8). An interaction existed between
cover crop planting date and herbicide treatment for Lincoln 2017 and 2018 (Table 3-9).
Cover crop termination date was also significant for Lincoln 2018 (Table 3-9).
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For Lincoln site-years prior to the PRE herbicide application, the influence of
cover crop planting date on weed density was more variable compared to previous
sampling dates discussed. Within the untreated herbicide control, weed density was
significantly lower for the early and late October cover crop planting dates than the early
and late September cover crop planting dates for Lincoln 2017 (Figure 3-5). In addition,
within the untreated herbicide control, weed density in the no-cover-crop control
treatment was significantly higher than the early October cover crop planting date for
Lincoln 2017 (Figure 3-5). For Lincoln 2018, only the late October planting date
treatment possessed lower weed density than all other cover crop planting dates within
the untreated herbicide control (Figure 3-5). Weed density was similar for the no-covercrop control treatment and the early October cover crop planting date within the untreated
herbicide control (Figure 3-5). Planting date did not significantly influence weed density
for treatments that received a fall burndown application for both Lincoln 2017 and 2018
(Figure 3-5). In addition, the fall burndown treatment generally resulted in less weed
density than the untreated herbicide control across most cover crop planting dates for
both Lincoln 2017 and 2018 (Figure 3-5).
Cover crop termination date was also significant for Lincoln 2018, as the early
termination treatment (averaged across all cover crop planting dates and herbicide
treatments) resulted in significantly fewer weeds (48 plants m-2) than the late termination
treatment (83 plants m-2). This response was likely driven by glyphosate that was used to
terminate the cover crop rather than the cover crop itself considering that the response
was similar for the no-cover-crop control, which was also treated with glyphosate to
allow for equal comparison among treatments.
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Cover Crop and Herbicide Program Effect on Summer Weed Density
Prior to Postemergence (POST) Application Sampling:
Prior to the POST herbicide application, weed density was influenced by
herbicide treatment across all site-years (Table 3-8, 3-9). The fall burndown + spring
PRE and spring PRE herbicide treatments consistently resulted in greater weed control
than the untreated herbicide control across all site-years (Figure 3-6). However, both the
fall burndown + spring PRE and spring PRE herbicide treatments performed similarly
across all site-years, indicating that the addition of a fall burndown herbicide treatment
provided no additional weed control than the spring PRE treatment alone (Figure 3-6).
This has important economic implications for producers, as the addition of a fall
burndown treatment results in greater cost while no additional benefit is obtained.
Previous research has shown that fall-applied non-residual herbicide applications may
provide less weed control than both spring PRE residual and non-residual herbicide
applications (Monnig and Bradley, 2007), however, this may depend on weed emergence
timing (Davis et al., 2010). In general, weed densities were much higher for Lincoln and
North Platte 2018 than Lincoln and North Platte 2017.
After Postemergence (POST) Application Sampling:
After the POST herbicide application, North Platte and Lincoln 2017 total weed
density was very low, resulting in data sets containing >90% zeros (Table 3-8, 3-9). For
North Platte and Lincoln 2018, weed density was influenced by herbicide treatment
(Table 3-8, 3-9). The fall burndown + spring PRE + POST and spring PRE + POST
herbicide treatments resulted in greater weed control than the POST only treatment for

97

North Platte 2018, however, were not statistically different from the POST only treatment
for Lincoln 2018 (Figure 3-7). Both the fall burndown + spring PRE + POST and spring
PRE + POST herbicide treatments were not statistically different across both site-years,
again indicating that the addition of a fall burndown herbicide treatment provided no
additional weed control (Figure 3-7). North Platte 2018 possessed greater weed pressure
than Lincoln 2018 (Figure 3-7). In addition, the primary weed species present at North
Platte was Palmer amaranth, which can be difficult to control due to its unique growth
characteristics and tolerance to certain herbicides (Ward et al., 2013).
These results suggest that a POST only herbicide program may result in similar
levels of weed control as a spring PRE + POST program in low weed density situations
(Lincoln 2018). In situations where weed densities are high and there are difficult to
control weeds present (North Platte 2018), a POST only herbicide program will likely
result in significantly less weed control than a program that contains a spring PRE
residual treatment in addition to a POST treatment. These results are consistent with
similar work reported in the literature that suggest use of residual herbicides are often
necessary to obtain high levels of weed control (Lawley et al., 2011; Cornelius and
Bradley, 2017; Wiggins et al., 2016, 2017; Loux et al., 2017).
Cover Crop and Herbicide Program Effect on Summer Weed Biomass
Prior to Postemergence (POST) Application Sampling:
Prior to the POST herbicide application, total weed biomass was very low for
North Platte 2017, resulting in the data set containing >90% zeros (Table 3-8). Analysis
of variance indicated an interaction between herbicide program and cover crop
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termination date for North Platte 2018 (Table 3-8). For Lincoln 2017 and 2018, weed
biomass was influenced by herbicide program (Table 3-9).
For North Platte 2018, both the fall burndown + spring PRE and spring PRE
herbicide treatments resulted in less weed biomass than the untreated herbicide control
prior to the POST application across all cover crop planting and termination dates (Figure
3-8). Within the untreated herbicide control, late cover crop termination resulted in less
weed biomass compared to early cover crop termination across all cover crop planting
dates (Figure 3-8). For the no-cover-crop treatment within the herbicide untreated
control, weed biomass was not statistically different between “cover crop termination
dates” even though glyphosate was used for “termination” to allow for equal comparison
among treatments (Figure 3-8). This result suggests that the cover crop was likely driving
weed suppression rather than the glyphosate used to terminate the cover crop.
Further regression analysis indicates that there was a negative and linear
relationship between cover crop and weed biomass prior to the POST herbicide
application for North Platte 2018 (Figure 3-9). As cover crop biomass increased, weed
biomass decreased. Other studies have reported similar findings in the literature (Akemo
et al., 2000; Finney et al., 2016; Webster et al., 2013). Based on a regression model
reported by Finney et al. (2016), an estimated average of 4625 kg ha-1 of cover crop
biomass is required to achieve near 100% reduction in weed biomass. Based on the
regression model presented in the current study, weed biomass would be reduced by
approximately 82% with 4625 kg ha-1 of cover crop biomass production, suggesting that
higher levels of cover crop biomass would be required to achieve near 100% reduction in
weed biomass. A summary of previous work that has investigated the relationship
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between weed suppression and cover crop biomass production shows that the amount of
weed suppression obtained with certain levels of biomass varies considerably (Table 311, 3-12).
The model used to describe the relationship between cover crop and weed
biomass had a low coefficient of determination (R2 = 0.34), which is likely in part due to
the large amount of variability present at low levels of cover crop biomass production
associated with early termination (Figure 3-9). This may also indicate that cover crop
biomass is not the only factor driving weed suppression. This is supported from Table 38, which indicates that cover crop planting date did not influence weed biomass even
though cover crop planting date significantly influenced cover crop biomass production
(especially for the late cover crop termination date) (Table 3-13). This suggests that the
cover crop growth period (the amount of time the cover crop competes with weeds) may
be just as important as the amount of cover crop biomass produced. In addition, previous
research has shown that weed population characteristics such as weed emergence timing
and weed species sensitivity to cover crop competition also influence cover crop weed
suppression effectiveness (Mirsky et al., 2011).
It is important to note that Lincoln 2018 possessed similar cover crop growth
periods and produced similar levels of cover crop biomass as North Platte 2018 (Table 313). The primary difference between the two environments was that overall weed
pressure was significantly less for Lincoln 2018, potentially reducing our ability to detect
differences between treatments due to high levels of uncontrolled variability.
For Lincoln 2017 and 2018, both the fall burndown + spring PRE and spring PRE
herbicide treatments consistently resulted in less weed biomass prior to the POST
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application than the untreated herbicide control (Figure 3-10). However, both the fall
burndown + spring PRE and spring PRE herbicide treatments were not statistically
different, indicating that the addition of a fall burndown herbicide treatment provided no
additional reduction in weed biomass than the spring PRE treatment alone (Figure 3-10).
This response was similar to that observed for weed density discussed previously.
After Postemergence (POST)-Application Sampling:
After the POST herbicide application, total weed biomass was very low for North
Platte 2017, resulting in the data set containing >90% zeros (Table 3-8). For North Platte
2018, analysis of variance indicated an interaction between herbicide program and cover
crop termination date (Table 3-8). For Lincoln 2018, weed biomass was influenced by
herbicide program, while results were not statistically different for Lincoln 2017 (Table
3-9).
For North Platte 2018, both the fall burndown + spring PRE + POST and spring
PRE + POST herbicide treatments performed similarly after the POST herbicide
application and resulted in less weed biomass than the POST only treatment, regardless
of cover crop termination date (Figure 3-11). In addition, late cover crop termination
resulted in less weed biomass than early cover crop termination for the POST only
herbicide treatment across all cover crop planting dates (Figure 3-11). For the no-covercrop treatment within the herbicide untreated control, weed biomass was not statistically
different between “cover crop termination dates” (Figure 3-11), again suggesting that the
cover crop was likely driving weed suppression rather than the glyphosate used to
terminate the cover crop.
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The trend for the Lincoln 2018 after-POST sampling date was similar to the priorto-POST sampling date, as both the fall burndown + spring PRE + POST and spring PRE
+ POST herbicide treatments again resulted in less weed biomass than the POST only
treatment (Figure 3-12). In addition, both the fall burndown + spring PRE + POST and
spring PRE + POST herbicide treatments performed similarly, indicating that the addition
of a fall burndown herbicide treatment provided no additional reduction in weed biomass
after the POST herbicide application (Figure 3-12).
Cover Crop and Herbicide Program Effect on Corn Yield
Corn grain yield and early-season plant populations were measured for North
Platte and Lincoln 2017. No significant differences existed for either of these variables
for North Platte 2017. This was likely due to low cover crop biomass production (Table
3-13). For Lincoln 2017, cover crop planting date significantly influenced corn yield, as
grain yield tended to decrease with earlier cover crop planting (except for the late
October cover crop planting date) (Figure 3-13). Corn yield in the no-cover-crop control
treatment was not different from the early October cover crop planting date treatment
(Figure 3-13), suggesting that later cover crop planting may be one way to minimize the
risk of corn yield reduction.
Early-season plant populations for Lincoln 2017 were not affected by the cover
crop, indicating that yield was likely not reduced due to early-season physical or
chemical (allelopathic) suppression. Other variables that may have contributed to reduced
corn yield include early-season moisture stress and/or nitrogen immobilization (Teasdale,
1993, 1996; Noland et al., 2018). Weather data presented in Table 3-3 indicates that April
and May 2018 received significantly less precipitation compared to the 30-yr. average for
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those months, potentially contributing to reduced corn yield in cover crop treatments.
Because we did not collect data necessary to test whether moisture or nitrogen were
limiting factors, it is difficult to determine which factors specifically contributed to these
results.
Regression analysis was conducted to determine if a relationship existed between
cover crop biomass production and corn yield for Lincoln 2017 (data not presented).
Results of the analysis indicated that the relationship was statistically significant,
however, the model possessed a low coefficient of determination (R2 = 0.12) indicating
that the model explained very little of the variation between the two variables.

CONCLUSIONS
Both the cover crop and herbicide program significantly influenced weed density
and biomass, however, results varied considerably across different sampling dates and
site-years likely to due to differences in environmental factors and weed population
characteristics. Herbicide program consistently had the greatest effect on both weed
density and biomass. Results consistently showed that use of a residual PRE herbicide in
addition to a POST herbicide was necessary to obtain the highest levels of weed control,
which is consistent with the findings of other work (Lawley et al., 2011; Cornelius and
Bradley, 2017; Wiggins et al., 2016, 2017; Loux et al., 2017). In addition, results
consistently showed that the addition of a fall burndown to a spring PRE + POST
herbicide program did not provide additional weed control in late spring or early summer.
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In the fall and early spring, weed density was sometimes influenced by cover crop
planting date. This was likely not due to the cover crop alone but other cropping system
factors. In the summer, weed biomass was significantly influenced by cover crop
termination date for North Platte 2018, where late termination resulted in lower levels of
weed biomass compared to early termination. Regression analysis indicated that weed
biomass tended to decrease with increasing cover crop biomass production, and
variability in weed biomass reduction decreased with higher levels of cover crop biomass
production.
This work further indicates that cover crops’ influence on weed suppression is
variable. Additionally, this work suggests that modifying soybean management practices
to allow for earlier cover crop planting did not result in sufficient cover crop biomass
production to obtain consistent weed suppression. This highlights the importance of other
traditional methods of weed management, such as herbicides and tillage, to obtain
effective weed control. Other studies have also documented limited cover crop weed
suppression in the literature (Appelgate et al., 2017; Galloway and Weston, 1996), which
may be due to a combination of environmental factors, limited cover crop biomass
production, and weed population characteristics. Utilizing a meta-analysis type of
approach to summarize published cover crop and weed management work may be useful
to better understand overall trends of cover crop weed suppression to gain a better
understanding of future research needs.
Corn yield was affected by the cover crop for one of two site-years evaluated. For
Lincoln 2017, corn yield was influenced by cover crop planting date, where three of four
planting dates resulted in reduced yield compared to the no-cover-crop control treatment.
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For North Platte 2017, corn yield was not influenced by the cover crop. Corn yield may
have been influenced by several different factors related to cover crop use, however,
these were not measured. These results support findings of previous work that have
shown great variability in corn yield response to cover crop use, especially in the northcentral U.S. (Miguez and Bollero, 2005). Further research evaluating specific factors (i.e.
nitrogen immobilization, moisture stress, physical/chemical suppression) associated with
cover crop corn yield reduction is necessary to improve cover crop management decision
making in the future.
Practical implications of this work include: 1) cover crops are likely unable to
provide consistent weed suppression in traditional Midwest corn-soybean cropping
systems where it is difficult to achieve high levels ( >4000 kg ha-1) of cover crop biomass
production, 2) the addition of a fall burndown to a spring PRE residual + POST herbicide
program will increase costs and likely not provide additional weed control in late spring
and summer, 3) use of a residual PRE herbicide in addition to a POST herbicide is often
necessary to obtain the highest levels of weed control, and 4) cover crops may decrease
corn yield depending on multiple factors.
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Table 3-1. Location and year, latitude and longitude coordinates, and soil classification for
each experimental site-year. Site-years are denoted by 1) the location at which the experiment
was conducted and 2) the year in which the study was initiated.

Site-Year

State

Latitude

Longitude

Soil Series†

Lincoln 2017

NE

40.8

-96.6

Butler Silt Loam

Lincoln 2018

NE

40.8

-96.6

Butler Silt Loam

North Platte 2017

NE

41.0

-100.8

Cozad Silt Loam

North Platte 2018

NE

41.0

-100.8

Cozad Silt Loam

† Source: Web Soil Survey, United States Department of Agriculture
(https://websoilsurvey.s.egov.usda.gov/App/HomePage.htm).

Table 3-2. Average monthly air temperature, precipitation, and irrigation between March and September for North Platte in 2017-19.
Temperature and precipitation data were obtained from the High Plains Regional Climate Center (HPRCC; http://hprcc.unl.edu/).
North Platte
Precipitation
2018 2019 Avg.

Temperature
Soybean Irrigation
Corn Irrigation
†
Month 2017 2018 2019 Avg.
2017
2017 2018 2019
2017 2018 2019
_______________
_______________
________________________________________________
________________________________________________
°C
mm
Mar.
6.3
3.6
-0.1
4.2
38.9
3.0 18.8
8.1
0
0
-‡
0
0
Apr.
10.2
5.4
9.2
8.9
52.1
28.4 39.1 55.6
0
0
0
0
May
13.8 16.8 11.5
14.6
70.6 172.7 163.1 77.5
0
0
0
0
Jun.
21.9 21.5 19.4
20.6
28.7 108.7 81.5 87.3
76.2
0
0
0
Jul.
25.2 22.8 23.7
23.55
104.4 129.0 174.8 72.1
61.0
55.9
49.5
0
Aug.
20.8 21.3 21.7
22.3
81.8
7.9 93.5 57.9
15.2
55.9
128.2 17.8
Sept.
18.2 18.5 20.1
17.5
119.4
18.1 31.9 38.1
15.2
0
0
35.6
§
Avg.
16.6 15.7 15.1
16.0
70.8
66.8 86.1 56.7
23.9
16.0
25.4
7.6
† 30-year monthly average.
‡ Corn and soybean were not planted in 2017 and 2019 respectively.
§ March-September average.
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Table 3-3. Average monthly air temperature and precipitation between March and September
for Lincoln in 2017-19. Temperature and precipitation data were obtained from the High
Plains Regional Climate Center (HPRCC; http://hprcc.unl.edu/).
Lincoln
Temperature
Month

2017

2018

_________________

2019
°C

Precipitation
Avg.†

_________________

2017

2018

_________________

2019
mm

Avg.

_________________

Mar.

6.4

4.8

1.7

4.95

0.0

45.5

37.8

30.8

Apr.

11.9

7.1

12.2

10.95

74.4

5.3

14.2

60.4

May

17.0

21.1

15.7

17.0

156.5

47.5

162.8

116.4

Jun.

23.8

24.8

22.8

22.65

145.0

197.1

107.2

108.9

Jul.

25.9

24.2

25.8

25.05

111.0

50.0

69.1

85.8

Aug.

21.7
21.3

23.7
20.2

23.4
23.2

23.75
19.4

55.6
98.6

104.6
185.4

69.9
74.3

82.3

17.8

17.7

91.6

90.8

76.5

80.5

Sept.
‡

Avg.
18.3
18.0
† 30-year monthly average.
‡ March-September average.

78.6

Table 3-4. Soybean cultivars and associated company, relative maturity, and cover crop planting date (day month year) for each
experimental site-year. Cover crop planting occurred soon after soybean harvest. Site-years are denoted by 1) the location at which
the experiment was conducted and 2) the year in which the study was initiated.
Site

__________________2017__________________

__________________2018__________________

Cultivar

Company

RM†

CC PD‡

Cultivar

Company

RM

CC PD

0616R2X

Channel

0.6

8 Sept. 17

0616R2X

Channel

0.6

12 Sept. 18

1816R2X

Channel

1.8

22 Sept. 17

1816R2X

Channel

1.8

24 Sept. 18

2517R2X

Channel

2.5

9 Oct. 17

2517R2X

Channel

2.5

18 Oct. 18

3416R2X

Channel

3.4

18 Oct. 17

3416R2X

Channel

3.4

30 Oct. 18

0616R2X

Channel

0.6

14 Oct. 17

0616R2X

Channel

0.6

21 Sept. 18

1816R2X

Channel

1.8

20 Oct. 17

1816R2X

Channel

1.8

19 Oct. 18

2517R2X

Channel

2.5

27 Oct. 17

2517R2X

Channel

2.5

29 Oct. 18

3416R2X

Channel

3.4

2 Nov. 17

3416R2X

Channel

3.4

5 Nov. 18

Lincoln

North Platte

† RM, Soybean relative maturity.
‡ CC PD, Cover crop planting date.
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Table 3-5. Cover crop sampling and termination dates (day month year), herbicide
application dates, and corn planting dates for North Platte and Lincoln experimental siteyears. Site-years are denoted by 1) the location at which the experiment was conducted and 2)
the year in which the study was initiated.
North Platte

Lincoln

Operation†

2017

2018

Fall CC-SD

1 Dec. 17

13 Dec. 18

10 Dec. 17

11 Dec. 18

ES CC-SD

5 Apr. 18

19 Apr. 19

10 Apr. 18

9 Apr. 19

LS CC-SD

30 Apr. 18

14 May 19

26 Apr. 18

25 Apr. 19

CC-TD 1

11 Apr. 18

19 Apr. 19

10 Apr. 18

13 Apr. 19

CC-TD 2

27 Apr. 18

14 May 19

27 Apr. 18

26 Apr. 19

Fall Burndown

15 Nov. 17

20 Nov. 18

3 Nov. 17

15 Nov. 18

Spring PRE

1 May 18

14 May 19

27 Apr. 18

26 Apr. 19

POST

21 Jun. 18

3 Jul. 19

8 Jun. 18

17 Jun. 19

Corn PD

8 May 18

14 May 19

27 Apr. 18

26 Apr. 19

2017

2018

† CC, Cover Crop; ES, Early Spring; LS, Late Spring; SD, Sampling Date; TD, Termination
Date; PRE, Preemergence Herbicide; POST, Postemergence Herbicide; PD, Planting Date.
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Table 3-6. Herbicide common name, chemical name, and active ingredient (ai) application rate
for each herbicide program.
Herbicide
Program
Fall Burndown
Spring
Preemergence

Postemergence

Herbicide
Common
Name

Herbicide Chemical Name

Active
Ingredient
Rate
kg ai ha-1
0.53
2.4

Dicamba
S-metolachlor

[3,6-dichloro-2-methoxybenzoic acid]
[2-chloro-N-(2-ethyl-6-methylphenyl)-N{(2S)-1-methoxypropan-2-yl}acetamide]

Mesotrione

[2-(4-methylsulfonyl-2nitrobenzoyl)cyclohexane-1,3-dione]

0.27

Bicylopyrone

[(1R,5S)-3-{hydroxy-{2-(2methoxyethoxymethyl)-6(trifluoromethyl)pyridin-3yl}methylidene}bicyclo{3.2.1}octane-2,4dione]

0.05

Glyphosate

[N-(phosphonomethyl)glycine]

1.5

Diflufenzopyr

[2-{(E)-N-{(3,5difluorophenyl)carbamoylamino}-Cmethylcarbonimidoyl}pyridine-3-carboxylic
acid]

0.028

Dicamba

[3,6-dichloro-2-methoxybenzoic acid]

0.07

Glyphosate

[N-(phosphonomethyl)glycine]

1.5
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Table 3-7. Weed density and biomass sampling dates (day month year) for North Platte and
Lincoln experimental site-years. Site-years are denoted by 1) the location at which the
experiment was conducted and 2) the year in which the study was initiated.
North Platte
Sampling Date

†

Parameter

2017

2018

Lincoln
2017

2018

Prior to Fall Burndown

Density

15 Nov. 17 20 Nov. 18

31 Oct. 17

13 Nov. 18

After Fall Burndown

Density

10 Dec. 17

11 Dec. 18

17 Nov. 17

14 Dec. 18

Prior to Early CC Term.

Density

5 Apr. 18

19 Apr. 19

10 Apr. 18

10 Apr. 19

Prior to PRE

Density

1 May 18

14 May 19

26 Apr. 18

25 Apr. 19

Prior to POST

Density

21 Jun. 18

3 Jul. 19

6 Jun. 18

17 Jun. 19

Prior to POST

Biomass

21 Jun. 18

3 Jul. 19

6 Jun. 18

17 Jun. 19

After POST

Density

3 Jul. 18

1 Aug. 19

22 Jun. 18

12 Jul. 19

After POST

Biomass

11 Jul. 18

1 Aug. 19

28 Jun. 18

12 Jul. 19

† CC Term, Cover Crop Termination; PRE, Preemergence Herbicide; POST,
Postemergence Herbicide.

Table 3-8. Analysis of variance (ANOVA) for weed density and biomass across all weed sampling dates for North Platte 2017 and 2018 experimental site-years.
A separate ANOVA was conducted for no-cover-crop control treatments and early October cover crop planting date treatments since the soybean RM used for
the no-cover-crop control was confounded with all other cover crop planting date treatments; significant treatment effects of this analysis are indicated in
parentheses.
Prior EPrior
Prior
After
Term¶
PRE‡
POST§
POST
_________________________________________________
Weed Density_________________________________________________
North Platte 2017
#
PD
NS
Herb
*** (***)
PD*Herb
NS
Term
NS
PD*Term
NS
Herb*Term
NS
PD*Herb*Term
NS
North Platte 2018
PD
NS
NS
NS
Herb
NS
*** (***)
*** (***)
PD*Herb
NS
NS
NS
Term
NS
NS
NS
PD*Term
NS
NS
NS
Herb*Term
NS
NS
NS
PD*Herb*Term
NS
NS
NS
* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level.
NS Not Statistically Significant
† PD, Cover Crop Planting Date; Herb, Herbicide Program; Term, Cover Crop Termination Date.
‡ PRE, Preemergence Herbicide.
§ POST, Postemergence Herbicide.
¶ Prior to Early Cover Crop Termination.
# Sampling dates with missing values were excluded from the analysis due to >90% zeros in the data set.
Source of
Variation†

Prior Fall
Burndown

After Fall
Burndown

Prior
After
POST
POST
___
Weed Biomass___
-

-

NS
*** (***)
NS
NS
NS
***
NS (*)

NS
*** (***)
NS
NS
NS
***
NS
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Table 3-9. Analysis of variance (ANOVA) for weed density and biomass across all weed sampling dates for Lincoln 2017 and 2018 experimental site-years. A
separate ANOVA was conducted for no-cover-crop control treatments and early October cover crop planting date treatments since the soybean RM used for the
no-cover-crop control was confounded with all other cover crop planting date treatments; significant treatment effects of this analysis are indicated in
parentheses.
Prior EPrior PRE‡
Prior POST§ After POST
Term¶
_________________________________________________
Weed Density_________________________________________________
Lincoln 2017
PD
** (**)
NS
NS
NS (**)
NS
-#
Herb
NS
NS
*** (***)
*** (*)
*** (***)
PD*Herb
NS
NS
NS
*** (*)
NS
Term
NS
NS
NS
NS
NS
PD*Term
NS
NS
NS
NS
NS
Herb*Term
NS
NS
NS
NS
NS
PD*Herb*Term
NS
NS
NS
NS
NS
Lincoln 2018
PD
***
**
**
NS
NS
NS
Herb
NS
NS (**)
*** (***)
*** (***)
*** (***)
*** (***)
PD*Herb
NS
NS
NS
*** (***)
NS
NS
Term
NS
NS
NS
*** (***)
NS
NS
PD*Term
NS
NS
NS
NS
NS
NS
Herb*Term
NS
NS
NS
NS
NS
NS
PD*Herb*Term
NS
NS
NS
NS
NS
NS
* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level.
NS Not Statistically Significant.
† PD, Cover Crop Planting Date; Herb, Herbicide Program; Term, Cover Crop Termination Date.
‡ PRE, Preemergence Herbicide.
§ POST, Postemergence Herbicide.
¶ Prior to Early Cover Crop Termination.
# Sampling dates with missing values were excluded from the analysis due to >90% zeros in the data set.
Source of Variation†

Prior Fall
Burndown

After Fall
Burndown

Prior POST

After POST

___

Weed Biomass___

NS
* (*)
NS
NS
NS
NS
NS

NS
NS
NS
NS
NS
NS
NS

NS
*** (***)
NS
NS
NS
NS
NS

NS
*** (***)
NS
NS
NS
NS
NS
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Table 3-10. Average total fall cover crop biomass production (cereal rye + oat) for different
cover crop planting dates (day month year) across all experimental site-years. Site-years are
denoted by 1) the location at which the experiment was conducted and 2) the year in which
the study was initiated. Combined analysis of variance (ANOVA) was conducted by site.
Sites are separated by horizontal lines. Means followed by different letters within a site are
statistically different at  = 0.05. Statistical comparisons are only valid within site.

Site

_________2017_________

________2018________

CC PD†

CC PD

CC Biomass
kg ha-1

Lincoln

North Platte

CC Biomass
kg ha-1

8 Sept. 17

899a

12 Sept. 18

610a

22 Sept. 17

298b

24 Sept. 18

198b

9 Oct. 17

45c

18 Oct. 18

27c

18 Oct. 17

24c

30 Oct. 18

0c

14 Oct. 17

6b

21 Sept. 18

33a

20 Oct. 17

1.5c

19 Oct. 18

0c

27 Oct. 17

0c

29 Oct. 18

0c

2 Nov. 17

0c

5 Nov. 18

0c

† CC PD, Cover Crop Planting Date.

Table 3-11. Literature summary of winter annual weed suppression provided by varying levels of cover crop biomass.
Cover
Crop
Biomass‡
kg ha-1

Cover Crop
Species

State

Weed Biomass
Reduction†

Weed Density
Reduction†

____________________________

Weed Visual
Control†

Study

%____________________________

Cereal Rye

VA

38

82

-§

Pittman, 2017

4500

Cereal Rye

MI

97

-

26

Hayden et al., 2012

4500

Hairy Vetch

MI

81

-

39

Hayden et al., 2012

4000

Cereal Rye

NE

90

-

90

Werle et al., 2018

3070

Hairy Vetch

VA

66

85

-

Pittman, 2017

2755

Crimson Clover

VA

38

78

-

Pittman, 2017

Cereal Rye

MO

-

-

68

Cornelius and Bradley, 2017

7600

2290

MO
1425
Winter Wheat
50
Cornelius and Bradley, 2017
† Weeds were sampled between 0 and 4 weeks following cover crop termination in the spring. Weed species varied among studies.
‡ Cover crop termination method varied among studies.
§ Missing values present because parameters measured varied by study.
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Table 3-12. Literature summary of summer annual weed suppression provided by varying levels of cover crop biomass.
Cover
Cover Crop
Weed Biomass
Weed Density
Weed Visual
Crop
State
Study
†
†
Species
Reduction
Reduction
Control†
Biomass‡
_____________________________ _____________________________
kg ha-1
%
§
TN
12870
Cereal Rye
20
Wiggins et al., 2017
AL
8565
Cereal Rye
65
83
Price et al., 2012
GA
8500
Cereal Rye
52
Webster et al., 2013
VA
7395
Cereal Rye
81
Pittman, 2017
AL
6730
Cereal Rye
67
81
Price et al., 2012
AL
5310
Cereal Rye
83
63
Price et al., 2012
VA
4260
Crimson Clover
39
Pittman, 2017
VA
3665
Hairy Vetch
28
Pittman, 2017
TN
3320
Winter Wheat
31
Wiggins et al., 2017
GA
3250
Crimson Clover
38
Webster et al., 2013
TN
3000
Hairy Vetch
58
Wiggins et al., 2016
TN
2660
Hairy Vetch
0
Wiggins et al., 2017
MO
2290
Cereal Rye
41
Cornelius and Bradley, 2017
TN
2210
Crimson Clover
0
Wiggins et al., 2017
TN
1600
Crimson Clover
62
Wiggins et al., 2016
MO
1425
Winter Wheat
0
Cornelius and Bradley, 2017
† Weeds were sampled between 0 and 4 weeks following cover crop termination in the spring. Weed species varied among studies.
‡ Cover crop termination method varied among studies.
§ Missing values present because parameters measured varied by study.
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Table 3-13. Early spring (ES) and late spring (LS) cover crop biomass production for different
cover crop planting dates (day month year) across all experimental site-years. Site-years are
denoted by 1) the location at which the experiment was conducted and 2) the year in which the
study was initiated. Combined analysis of variance (ANOVA) was conducted by site. Sites are
separated by horizontal lines. Means followed by different letters within a site are statistically
different at  = 0.05. Statistical comparisons are only valid within site.
___________2017__________
CC PD†
ES‡
LS§
_______
kg ha-1_______
Lincoln
8 Sept. 17
510fgh
1341c
22 Sept. 17
232ghi
623defg
9 Oct. 17
23i
130i
18 Oct. 17
37i
77i
North Platte
14 Oct. 17
23ef
50ef
20 Oct. 17
29ef
14f
27 Oct. 17
11f
8f
2 Nov. 17
8f
9f
† CC PD, Cover Crop Planting Date.
‡ ES, Early Spring Sampling Cover Crop Biomass.
§ LS, Late Spring Sampling Cover Crop Biomass.
Site

___________2018__________
CC PD
ES
LS
______
-1______
kg ha
12 Sept. 18
928d
3109a
24 Sept. 18
623defg
2079b
18 Oct. 18
106i
632def
30 Oct. 18
55i
312fghi
21 Sept. 18
188e
2573a
19 Oct. 18
1845b
102ef
29 Oct. 18
1241c
45ef
5 Nov. 18
791d
25ef
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Figure 3-1. Diagram of one complete cropping cycle at North Platte and Lincoln in
2017-18. A cereal rye and oat cover crop mix was planted following harvest of each
soybean relative maturity. Oat winter-killed while rye overwintered. Rye was terminated
at two different times in the spring prior to corn planting. Herbicides were applied in the
fall, prior to corn planting, and when corn was near the V6 growth stage. All activities
were repeated in 2018-19. Diagram by Dr. Justin McMechan.
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Figure 3-2. Influence of cover crop planting date on fall weed density prior to fall
burndown herbicide application for Lincoln 2017 and 2018 site-years. Weed density was
measured on 31 Oct. 2017 and 13 Nov. 2018 for Lincoln 2017 and 2018 site-years
respectively. Bars containing different letters within a site-year are statistically different at 
= 0.05. Statistical comparisons are only valid within a site-year. A separate analysis was

conducted for no-cover-crop control treatments and early October cover crop planting
date treatments since the soybean RM used for the no-cover-crop control was
confounded with all other cover crop planting date treatments. For this analysis, bars
containing different lowercase letters within a site-year are statistically different at  = 0.05.
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Figure 3-3. Influence of cover crop planting date and herbicide program (and untreated
herbicide control) on fall weed density after fall burndown herbicide application for Lincoln
2018 site-year. Weed density was measured on 14 Dec. 2018. Bars containing different letters
are statistically different at  = 0.05. A separate analysis was conducted for no-cover-crop

control treatments and early October cover crop planting date treatments since the
soybean RM used for the no-cover-crop control was confounded with all other cover
crop planting date treatments. For this analysis, bars containing different lowercase letters
within a site-year are statistically different at  = 0.05.
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Figure 3-4. Influence of cover crop planting date and herbicide program (and untreated
herbicide control) on spring weed density prior to early cover crop termination for Lincoln
2018 site-year. Weed density was measured on 10 Apr. 2019. Bars containing different letters
are statistically different at  = 0.05. A separate analysis was conducted for no-cover-crop

control treatments and early October cover crop planting date treatments since the
soybean RM used for the no-cover-crop control was confounded with all other cover
crop planting date treatments. For this analysis, bars containing different lowercase letters
within a site-year are statistically different at  = 0.05.
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Figure 3-5. Influence of cover crop planting date and herbicide program (and untreated
herbicide control) on spring weed density prior to spring preemergence (PRE) herbicide
application for Lincoln 2017 and 2018 site-years. Weed density was measured on 26 Apr.
2018 and 25 Apr. 2019 for Lincoln 2017 and 2018 site-years respectively. Bars containing
different letters within a site-year are statistically different at  = 0.05. Statistical
comparisons are only valid within a site-year. A separate analysis was conducted for no-

cover-crop control treatments and early October cover crop planting date treatments
since the soybean RM used for the no-cover-crop control was confounded with all
other cover crop planting date treatments. For this analysis, bars containing different
lowercase letters within a site-year are statistically different at  = 0.05.

123

Figure 3-6. Influence of herbicide program (and untreated herbicide control) on summer
weed density prior to postemergence (POST) herbicide application across all experimental
site-years. Weed density was measured on 21 Jun. 2018, 6 Jun. 2018, 17 Jun. 2019, and 3 Jul.
2019 for Lincoln 2017, North Platte 2017, Lincoln 2018, and North Platte 2018 site-years
respectively. Bars containing different letters within a site-year are statistically different at 
= 0.05. Statistical comparisons are only valid within a site-year. A separate analysis was

conducted for no-cover-crop control treatments and early October cover crop planting
date treatments since the soybean RM used for the no-cover-crop control was
confounded with all other cover crop planting date treatments. For this analysis, bars
containing different lowercase letters within a site-year are statistically different at  = 0.05.
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Figure 3-7. Influence of herbicide program on summer weed density after POST herbicide
application for Lincoln and North Platte 2018 site-years. Weed density was measured on 12
Jul. and 1 Aug. 2019 for Lincoln and North Platte 2018 site-years respectively. Bars
containing different letters within a site-year are statistically different at  = 0.05. Statistical
comparisons are only valid within a site-year. A separate analysis was conducted for no-

cover-crop control treatments and early October cover crop planting date treatments
since the soybean RM used for the no-cover-crop control was confounded with all
other cover crop planting date treatments. For this analysis, bars containing different
lowercase letters within a site-year are statistically different at  = 0.05.
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Figure 3-8. Influence of herbicide program (and untreated herbicide control) and cover crop
spring termination date on summer weed biomass prior to postemergence (POST) herbicide
application for North Platte 2018 site-year. Weed biomass was measured on 3 Jul. 2019. Bars
containing different letters are statistically different at  = 0.05. A separate analysis was

conducted for no-cover-crop control treatments and early October cover crop planting
date treatments since the soybean RM used for the no-cover-crop control was
confounded with all other cover crop planting date treatments. For this analysis, bars
containing different lowercase letters within a site-year are statistically different at  = 0.05.
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Figure 3-9. Relationship between cover crop and weed biomass for all cover crop planting
and termination dates for North Platte 2018 site-year. Weed biomass was measured on 3 Jul.
2019. Solid data points represent cover crop biomass terminated in mid-April, while open
data points represent cover crop biomass terminated in mid-May.
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Figure 3-10. Influence of herbicide program (and untreated herbicide control) on
summer weed biomass prior to postemergence (POST) herbicide application for
Lincoln 2017 and 2018 site-years. Weed biomass was measured on 6 Jun. 2018 and 17
Jun. 2019 for Lincoln 2017 and 2018 site-years respectively. Bars containing different
letters within a site-year are statistically different at  = 0.05. Statistical comparisons
are only valid within a site-year. A separate analysis was conducted for no-cover-

crop control treatments and early October cover crop planting date treatments
since the soybean RM used for the no-cover-crop control was confounded with
all other cover crop planting date treatments. For this analysis, bars containing
different lowercase letters within a site-year are statistically different at  = 0.05.
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Figure 3-11. Influence of herbicide program and cover crop spring termination date on
summer weed biomass after postemergence (POST) herbicide application for North Platte
2018 site-year. Weed biomass was measured on 1 Aug. 2019. Bars containing different letters
are statistically different at  = 0.05. A separate analysis was conducted for no-cover-

crop control treatments and early October cover crop planting date treatments since
the soybean RM used for the no-cover-crop control was confounded with all other
cover crop planting date treatments. For this analysis, bars containing different lowercase
letters within a site-year are statistically different at  = 0.05.
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Figure 3-12. Influence of herbicide program on summer weed biomass after postemergence
(POST) herbicide application for Lincoln 2018 site-year. Weed biomass was measured on
12 Jul. 2019. Bars containing different letters are statistically different at  = 0.05. A

separate analysis was conducted for no-cover-crop control treatments and early
October cover crop planting date treatments since the soybean RM used for the nocover-crop control was confounded with all other cover crop planting date treatments.
For this analysis, bars containing different lowercase letters within a site-year are statistically
different at  = 0.05.
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Figure 3-13. Influence of cover crop planting date on corn grain yield for Lincoln 2017 siteyear. Corn yield was measured on 1 Nov. 2018. Bars containing different letters are
statistically different at  = 0.05. A separate analysis was conducted for no-cover-crop

control treatments and early October cover crop planting date treatments since the
soybean RM used for the no-cover-crop control was confounded with all other cover
crop planting date treatments. For this analysis, bars containing different lowercase letters
within a site-year are statistically different at  = 0.05.
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